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Abstract  
Selective Laser Melting (SLM), a promising Additive Manufacturing (AM) technology, has 
huge potential in fabrication of Ti-6Al-4V near-net shape components. However, the poor 
surface finish of the components fabricated from this technology means that machining is 
required to achieve the desired accuracy and tolerances. Therefore, a systematic understanding 
of material and machinability characteristics of SLM fabricated Ti-6Al-4V alloy is paramount 
to improve productivity and surface quality. Considering this, the present study investigates 
the mechanical properties, machinability characteristics and chip formation nature of SLM 
fabricated Ti-6Al-4V alloy. 
Mechanical properties of SLM fabricated Ti-6Al-4V alloy in “As Built” (A.B) and “Heat 
Treated” (H.T) condition was evaluated and compared with conventionally produced wrought 
Ti-6Al-4V alloy. It was found that SLM Ti-6Al-4V (A.B/H.T) alloy had higher strength and 
hardness, but poor ductility compared to wrought Ti-6Al-4V alloy. This was attributed to the 
martensitic (α’)/lamellar (α+β) microstructure of the SLM materials. The applied heat 
treatment of SLM Ti-6Al-4V slightly improved its ductility by conversion of acicular α’ 
microstructure to a lamellar α+β microstructure. 
Machining tests at different speeds were used to characterise tool wear, cutting forces, surface 
roughness and sub-surface microstructure to gain understanding of machining behaviour of 
SLM fabricated Ti-6Al-4V materials. These tests revealed that the overall machinability of 
SLM Ti-6Al-4V (A.B/H.T) alloy is poor compared to conventionally produced wrought Ti-
6Al-4V. Machining of SLM Ti-6Al-4V alloy demonstrated poor machinability characteristics 
at high cutting speeds. However, at low cutting speeds, superior machined surface quality 
compared to wrought Ti-6Al-4V alloy was observed in machining of SLM Ti-6Al-4V due to 
reduced plastic flow during machining. Tool wear was a major issue in machining of the SLM 
Ti-6Al-4V with coating delamination, adhesion, attrition, diffusion-dissolution and chipping 
as the major tool wear mechanisms operating. The applied heat treatment and conversion of 
α’→α+β microstructure did not significantly improve the machinability of SLM Ti-6Al-4V 
alloy. 
Chip formation has a strong influence on tool wear and machined surface quality, so studies 
were undertaken to understand and explore the influence of material characteristics on 
machinability and chip formation. These studies revealed that the tendency to form segmented 
or “sawtooth” chips was higher in SLM Ti-6Al-4V materials as compared to conventionally 
produced wrought Ti-6Al-4V.  
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Further analysis revealed that cracks were a common feature in the primary and secondary 
deformation zones of SLM Ti-6Al-4V chip samples, illustrating that periodic crack initiation 
was the root cause of “sawtooth” formation during machining. Furthermore, the tendency to 
form build up edge during machining was less in SLM Ti-6Al-4V materials compared to 
wrought Ti-6Al-4V, offering better surface finish of SLM Ti-6Al-4V materials at low cutting 
speeds. 
Finally, by performing slow orthogonal cutting tests, the influence of build orientation (or prior 
β grain orientation) on machinability characteristics of SLM fabricated Ti-6Al-4V titanium 
alloy was studied. Significant variations in cutting forces, chip curling, chip roughness ratio 
and machined surface quality were observed during orthogonal cutting along different prior β 
grain orientations. This indicated the influence of prior β grain orientation on shear deformation 
during machining of SLM Ti-6Al-4V.  However, microstructural alteration and work hardening 
characteristics of SLM Ti-6Al-4V were not influenced by the machining strategy /prior β grain 
orientation. The results obtained from the slow speed orthogonal cutting tests are similar to the 
results obtained from turning tests in this thesis, highlighting the practical importance of 
microstructure, build orientation on cutting forces, chip formation and surface finish of SLM 
Ti-6Al-4V, and wrought Ti-6Al-4V alloy. 
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Notation and abbreviations 
Symbol  Meaning 
α  Alpha phase 
α’  Martensitic alpha phase 
β  Beta phase 
Vc  Cutting speed 
f  Feed rate 
d  Depth of cut 
𝑣𝑣chip  Velocity of chip 
t1  Undeformed chip thickness 
t2  Deformed chip thickness 
r  Chip thickness ratio 
Fx  Feed force 
Fy  Thrust force 
FZ  Cutting force 
F  Friction force 
N  Normal force 
µ  Co-efficient of friction 
λ  Friction angle 
R  Resultant force 
FS  Forces acting along the shear plane 
FN  Forces acting along the normal plane 
Ks  Shear strength 
σn  Normal stress 
As  Area of the shear plane 
Φ  Shear angle 
α  Rake angle of the tool 
s  Length of the shear plane 
Vp  Shear velocity in the shear plane 
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σ  Uniaxial flow stress 
ε  Uniaxial strain 
n  Strain hardening index 
𝛾𝛾?̇?𝑝  Maximum shear strain-rate 
LC  Chip-tool contact length 
λs  Cutting edge inclination angle 
Kr  Major cutting edge angle 
UTS  Ultimate tensile strength 
σ0.2  Yield strength at 0.2 % proof stress 
HV  Hardness value 
%E  Percentage of elongation 
%RA  Percentage reduction in area 
AM  Additive manufacturing 
SLM  Selective laser melting 
A.B  As built 
H.T  Heat treated 
HCP  Hexagonal Closed Packed 
BCC  Body Centred Cubic 
SEM  Scanning Electron Microscope 
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Chapter One: Introduction 
 
1 Introduction 
Titanium alloys stand out primarily due to properties such as high specific strength, bio-
compatibility and corrosion resistance. Ti-6Al-4V, an (α+β) titanium alloy with a balanced set 
of mechanical properties, is often referred to as the “work horse” of titanium alloys and is 
preferentially used in a variety of applications in the aerospace, chemical, medical engineering 
and automotive industries among others [1-4]. Despite their superior properties, their 
extraction, fabrication and production are expensive due to the requirement of a protective 
environment, high energy consumption and various other manufacturing associated problems 
[4-8]. To decrease the overall cost of production and to improve productivity, research has 
therefore been focused on alternative manufacturing methods [1, 2, 9, 10]. In recent years, 
additive manufacturing (AM) has been widely used for fabricating near-net shape titanium 
alloy (Ti-6Al-4V) products due to its advantageous features like freedom of design, on-demand 
manufacturing and high productivity.  
Selective laser melting (SLM) is one of the emerging additive manufacturing techniques that 
has a promising future in the field of manufacturing [11-14]. Studies in the literature have 
demonstrated that highly dense titanium alloy with mechanical properties comparable to the 
conventionally produced titanium alloy can be fabricated from SLM technology [15-17]. 
Although near-net shape components are achieved from SLM technology, the surface finishes 
of the fabricated components are generally poor, affecting the fatigue life and functional 
performance of the components.  In addition, fabrication of complicated overhanging structures 
using SLM technology is an arduous task. Therefore, a final machining step can be used to 
improve the productivity and product quality of SLM fabricated titanium (Ti-6Al-4V) 
components.  
Machining/metal cutting is widely used in manufacturing industries for material removal from 
initial shapes to produce end components with superior surface finish and acceptable 
tolerances. Metal cutting science is a complex manufacturing discipline and includes various 
theories of cutting, machinability studies, chip formation studies and tool wear studies. 
Therefore, considering the significance of machining in AM and SLM fabricated titanium (Ti-
6Al-4V) components, a systematic study to understand the machinability of SLM fabricated 
titanium (Ti-6Al-4V) components is paramount to design fixtures, cutting tools and to improve 
productivity and product quality. 
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Titanium alloys are considered to be one of the most “difficult to cut” materials [25, 81, 82]. 
The poor machinability of titanium alloys is attributed to poor thermal conductivity and high 
chemical reactivity. In addition, thermoplastic instability and the tendency of titanium alloys 
(Ti-6Al-4V) to produce “sawtooth” chips further leads to poor machinability of titanium alloys. 
However, despite the advancement in SLM technology, there is no systematic study to 
understand the chip formation nature and machinability of SLM fabricated titanium Ti-6Al-4V 
alloys. 
Considering the significance of machining SLM fabricated Ti-6Al-4V alloy to improve the 
productivity and product quality. This research was undertaken to study the material, 
machinability and chip formation characteristics of SLM fabricated Ti-6Al-4V alloy. Detailed 
investigations from this study provide significant new knowledge of the material characteristics 
and machining behaviour of SLM fabricated Ti-6Al-4V alloy to enable better process design 
and high quality manufacturing.    
1.1 Aim and Objectives of the research  
The demand for titanium alloys in different industries requires high quality manufacturing and 
machining of titanium components. Manufacturing processes employed in producing a 
component determine the microstructure, mechanical properties and functional performance of 
the components as discussed in the literature review (Chapter 2). Different manufacturing 
methods can yield materials with different material and machinability characteristics. 
Conventionally manufactured titanium components differ from AM fabricated titanium 
components in terms of microstructure and mechanical properties. Therefore, the primary 
motive of this research was to study and understand the microstructural characteristics and 
mechanical properties of Ti-6Al-4V fabricated from SLM manufacturing technology. In 
addition, influence of heat treatment on microstructural features and mechanical properties 
needs to be studied to improve the understanding of material response to heat treatment.  
The manufacturing process and the resulting microstructural and mechanical characteristics 
also influence machinability and chip formation as reviewed in section 2.3. Differences in 
material properties such as strength, hardness and ductility can result in significant variation in 
machinability characteristics. A detailed understanding of machinability and chip formation 
characteristics of SLM Ti-6Al-4V compared with conventionally produced wrought Ti-6Al-
4V is thus necessary to design better machining processes and strategies for high quality 
production of SLM components.  
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Moreover, considering the microstructural anisotropy of SLM fabricated titanium components, 
understanding the influence of build orientation/prior β grain orientation can yield new insights 
in the field of machining and AM. 
The overarching purpose of this thesis is to understand and acquire knowledge on mechanical 
properties, machinability characteristics and chip formation mechanisms of selective laser 
melted (SLM) Ti-6Al-4V to enable effective use of this technology to produce high quality end 
user components by designing better manufacturing process and machining strategies.  
Broadly, the main objectives of this thesis are: 
1. Comparatively study the microstructural features and mechanical properties of SLM Ti-
6Al-4V in both “as built” and “heat treated” conditions and conventionally produced 
wrought Ti-6Al-4V alloy. 
 
2. Characterise and analyse the machinability of SLM Ti-6Al-4V (in both “as built” and “heat 
treated” conditions) along with conventionally produced wrought Ti-6Al-4V. This involves 
a study of tool wear rates and wear mechanisms, cutting forces and surface integrity to 
explore the machinability of SLM fabricated materials compared with the wrought alloy. 
 
3. Perform a detailed investigation of chip morphological characteristics and mechanisms of 
chip formation for SLM Ti-6Al-4V to gain insights into the influence of microstructures 
and mechanical properties. 
 
4. Explain the influence of build orientation in SLM Ti-6Al-4V on machinability 
characteristics such as cutting forces, chip formation and surface integrity during 
orthogonal cutting of SLM Ti-6Al-4V. 
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1.2 Thesis outline 
The thesis is organised into several chapters and sub-chapters based on the thesis objectives. 
Thesis architecture and outline is shown in Figure 1-1. 
Chapter 2 provides detailed background on titanium alloys, additive manufacturing and 
machining. Sub-chapter 2.1 discusses titanium alloys, their applications, physical metallurgy 
and the problems faced in conventional manufacturing of titanium alloys. Sub-chapter 2.2 is 
concerned with additive manufacturing, the recent research trends and the significance of 
machining in AM and SLM components to improve the productivity and product quality. Sub-
chapter 2.3  studies various metal cutting theories, and reviews the machinability and chip 
formation nature of titanium alloys, Ti-6Al-4V. 
Chapter 3 describes the experimental procedures followed and materials used in the thesis to 
study the material characteristics and the nature of machinability and chip formation. 
Chapter 4 presents the experimental results from this research work in four different sub-
chapters. Firstly, a detailed study on microstructure and mechanical properties is carried out on 
SLM Ti-6Al-4V in its “as built” and “heat treated” condition. The results are compared with 
conventionally produced wrought Ti-6Al-4V (4.1). Secondly, machinability characteristics of 
SLM Ti-6Al-4V are studied from the machining tests by analysing tool wear and wear 
mechanisms, cutting forces and surface integrity and the results are compared with 
conventionally produced wrought Ti-6Al-4V (4.2). Thirdly, chip formation characteristics of 
SLM Ti-6Al-4V are studied from turning trials and quick stop experiments to study the nature 
of the chip formation process (4.3). Finally, influence of build orientation and prior β grain 
orientation on machinability of SLM Ti-6Al-4V are studied from orthogonal cutting tests (4.4). 
Chapter 5 presents the overall discussions, conclusions and future recommendations based on 
this research work for further development.  
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Figure 1-1 Thesis outline and research flow
 Literature Review 
• Critical analysis of SLM and conventional manufacturing 
techniques of titanium components. 
• Issues in manufacturing high quality titanium components from 
these technologies were investigated. In addition, the role of 
machining in improving the productivity and product quality is also 
discussed. 
• Research questions and objective were formulated based on the 
existing research gap. 
Methodology 
• Designing the project to understand the material characteristics of 
Ti-6Al-4V components fabricated from SLM and conventional 
manufacturing technology. 
• Planning the machining trails to understand machinability 
behaviour of SLM components, in order to improve productivity 
    
 Results and Discussions 
• Collection of mechanical properties such as microstructure, yield 
strength, elongation and hardness of the manufactured components 
from mechanical tests. 
• Investigating the influence of microstructure and mechanical 
properties on machinability and chip formation behaviour of 
wrought and SLM Ti-6Al-4V components. 
• In-depth discussions based on the experimental results and 
available literature sources. 
 Conclusions and recommendations for future work 
• Conclusions from in-depth investigation of material 
characteristics and machinability nature of SLM titanium 
components. 
• Future recommendations to improve the knowledge of machining 
and machinability of SLM titanium components to improve 
productivity and product quality. 
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2 Literature Review 
In this section, the current state of knowledge on titanium alloys, additive manufacturing and 
machinability of titanium alloys are critically reviewed to find the existing research gaps and 
establish the significance of this research work. 
Firstly, a detailed review of titanium alloys, its physical metallurgy and conventional 
manufacturing techniques are provided in section 2.1 for in-depth understanding of titanium 
alloys and its manufacturing processes. Secondly, various additive manufacturing technologies 
and the previous research work in this field were reviewed to understand the current state of 
this research field (section 2.2). Finally, machining and machinability of titanium alloys are 
studied in detail to understand the machining process, various problems and research work in 
the field of machining of titanium alloys (section 2.3).  
2.1 Titanium and titanium alloys 
Titanium is named after the Titans, the powerful sons of the Earth in Greek mythology. 
Titanium is the fourth most abundant metal on Earth’s crust (approx. 0.86%) after aluminium, 
iron and magnesium. Titanium is not found in its pure metal form in nature but as oxides, i.e. 
ilmenite (FeTiO3) and rutile (TiO2). Titanium has similar strength to steel but the density is 
nearly half that of steel. The pure titanium crystalline structure undergoes allotropic 
transformation from HCP to BCC (β) at temperature above 882 oC (Figure 2-1). Titanium is 
highly reactive with carbon, oxygen, nitrogen and hydrogen. Extraction of titanium is very 
difficult and costly. Hence, it is mainly used in its wrought forms.in critical applications.  
 
Figure 2-1 Crystal structure of HCP α and BCC β phase [1]. 
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Titanium alloys stand out due to two properties: high specific strength and excellent corrosion 
resistance. This explains their preferential use in the aerospace sector, the chemical industry, 
medical engineering and other sectors. Figure 2-2 illustrates the specific strength and the 
working temperature conditions for various materials. Titanium alloys are lighter than steels 
and nickel super alloys in combination with excellent strength. Titanium alloys are more 
attractive for high temperature applications compared to carbon fibre reinforced plastics 
(CFRP). However, the maximum application temperature is limited by their oxidation 
behaviour. 
 
Figure 2-2 Specific strength versus temperature for different materials [1]. 
2.1.1  Classification of titanium alloys 
The alloying elements of titanium are classified as neutral, α-stabilizers or β-stabilizers. The α-
stabilizing elements extend α phase field to higher temperatures, while β-stabilising elements 
shift the β phase field to lower temperatures. Neutral elements have only a minor influence on 
the β-transus temperature. Aluminium is by far the most important alloying α-stabilising 
element of titanium. The interstitial elements oxygen, nitrogen and carbon also belong to this 
α-stabilising category. In addition to extending the phase field to higher temperatures, the α-
stabilizers promote development of a two phase α+β field. α-stabilizing elements are 
subdivided in to β-isomorphous and β-eutectic elements. The β-isomorphous elements, e.g. 
Mo, V, and Ta, are by far more important due to their much higher solubility in titanium. On 
the other hand, even low volume fractions of β-eutectic elements, e.g. Fe, Mn, Cr, Co, Ni, Cu, 
Si, and H can lead to the formation of intermetallic compounds. Sn and Zr are considered 
neutral elements since they have no influence on the α/β phase boundary. 
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Based on the effects of the alloying elements, titanium alloys are usually classified as α, α+β 
and β alloys, with further subdivision into near-α and metastable β alloys. This is schematically 
outlined in a three-dimensional phase diagram (see Figure 2-3), which is composed of two-
phase diagrams with α- and a β-stabilising element respectively.  
α alloys: 
The α alloys comprise commercially pure titanium (CP) and alloys exclusively with α 
stabilising and/or neutral elements. If minor fractions of β-stabilizing elements are added, they 
are referred to as near-α alloys. α alloys consists of only single phase α, whereas near α alloys 
consists of α phase with very small quantities of β phase. These α alloys have excellent tensile 
properties and creep stability at room and elevated temperatures up to 300 oC. Whereas near α 
alloys behave like α alloys but are capable of operating at higher temperatures between 400 oC 
and 500 oC. These alloys are chiefly used for corrosion resistance and cryogenic applications. 
Ti-6-2-4-2S, a famous near-α alloy, is used in manufacture of blades, disks, rotors, high 
pressure compressors for gas turbine engines that operate at 540 oC. 
α+β alloys: 
The α+β alloys are the most widely used alloys in the titanium family. At room temperature, 
these alloys have a β volume fraction ranging from about 5 to 40%. This group of alloys 
consists of a mixture of both α and β phases. Ti-6Al-4V is the most common titanium alloy and 
it belongs to this α+β alloy category. These alloys are heat treatable to achieve the desired 
strength and properties. These alloys are chiefly used for high strength applications at elevated 
temperatures of between 350 and 400 oC. If the portion of β-stabilizing element is further 
increased to a level where β no longer transforms to martensite upon fast quenching, the alloys 
are still in the two-phase field and the class of metastable β is reached. These alloys can still 
contain an equilibrium α volume fraction of more than 50%. 
β alloys: 
These alloys contain significant quantities of β-stabilisers and are characterised by high 
hardenability, improved forgeability and cold formability. These alloys can be heat treated to 
deliver a broad range of strength, permitting one to tailor the strength/fracture toughness 
properties. They generally have high stress corrosion resistance [5].  
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Figure 2-3 Classification of titanium alloys [1]. 
2.1.2 Metallurgy of titanium alloys 
The mechanical properties of titanium alloys are very sensitive to the microstructural features 
and characteristics. Microstructural features of titanium alloys are often determined by thermo-
mechanical processing. Thermo-mechanical processing of titanium alloys can create three 
distinct microstructures: the fully lamellar, bi-modal (or duplex) and fully equiaxed 
microstructure (shown in Figure 2-4). The fully lamellar microstructure derives its name from 
the fact that α phase present in this microstructure has a lamellar or platelike shape as shown 
in Figures 2-4 a and 2-6. The bi-modal microstructure consists of α phase in the form of 
lamellar and equiaxed grains as shown in Figure 2-4 b. The equiaxed microstructure consists 
of α phase in the form of equiaxed grains as shown in Figure 2-4 c. 
 
Figure 2-4 Microstructures of titanium alloys obtained by different thermomechanical processing routes 
a) Lamellar structure b) Bi-modal c) Fully equiaxed microstructure [1]. 
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a) Lamellar microstructures in titanium alloys 
The process for obtaining a lamellar microstructure is shown in Figure 2-5 which includes 
various steps such as:  
Homogenization of the ingot in the β phase field (step I), then the ingot is either forged or rolled 
at high temperatures, typically around β transus temperature (step II). The alloy is then heat 
treated in the β phase field and cooled to room temperature at a controlled cooling rate (step 
III). Final steps typically include annealing in the α+β phase field as a stress relieving treatment 
(step IV), to eliminate segregates or to allow solid phase transformations between any 
martensitic phases towards the equilibrium α+β mixture. 
The most influential microstructural parameter on the mechanical properties of the fully 
lamellar structure is the α colony size and the α lamellae size (or α lath size) [18]. This α colony 
size is limited by prior β grain size and is influenced by the cooling rate from the β phase field. 
Increased cooling rates reduce the size of α colonies and α lamellae as shown in Figure 2-6. 
Furnace cooling of titanium alloys produces a lamellar microstructure with packets of α laths 
arranged in a parallel manner, with the highest possible α colony size and α lamellae size [19]. 
Air cooling of titanium alloys produces the so called basket weave, where α lamellae (or α 
laths) are arranged similar to the weave pattern of a basket. There is  limited retained β phase 
located at the α grain boundaries [20]. Oil quenching or water cooling with high cooling rates 
can produce martensitic microstructures with no retained β phase [20].  
The martensitic phase in titanium alloys occurs in both acicular martensite and massive 
martensite morphologies. The primary difference between martensitic morphologies is based 
on the crystallographic orientation [2, 18, 19, 21]. Martensitic phase in titanium alloys 
possesses a high density of dislocation of crystal defects such as stacking defects and twins 
with respect to the equilibrium α phase [22]. 
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Figure 2-5 Processing route for formation of fully lamellar microstructure [2]. 
 
 
Figure 2-6 Effect of cooling rate from the β phase field on lamellar microstructure, Ti-6242: a)1 oC/min, 
b) 100 oC/min and c) 8000 oC/min [18]. 
 
 
 
 
Temperature 
β 
α+β 
I II III IV 
Homogenisation  Deformation  Recrystallization Aging  
a) b) c) 
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Studies have confirmed that the α colony size and α lamellae size determine the slip length and 
therefore the onset of plastic deformation and the associated mechanical properties [1, 2, 18]. 
Generally, yield strength depends on the resistance to dislocation motion and increasing α 
colony size or α lamellae size corresponds to a decrease in yield strength. Increasing the cooling 
rate reduces α colony size and α lamellae size (decreasing the slip length) and thereby, increases 
the yield strength. For similar reasons, the yield strength of titanium alloys increases in the 
order of heat treatment from furnace cooling →air cooling →water/oil quenching (as shown in 
Table 2-3).  
Similarly, ductility of the lamellar structure is also affected by the size of α colonies and α 
lamellae. Ductility decreases with a decrease in α colony size and α lamellae size because the 
slip length in the alloy decreases. In fine lamellar or martensite microstructures, the slip length 
is essentially the size of a single α lath and these therefore present the lowest ductility among 
the fully lamellar microstructures. Hence, ductility of the titanium alloys increases in the order 
of heat treatment from oil/water quenching→ air cooling→ furnace cooling as shown in Table 
2-3. 
Table 2-1 Important processing parameters, resulting microstructural features, and major influences on 
mechanical properties for fully lamellar microstructures [1, 2, 18]. 
Step  
(from Figure 2-5) 
Important 
parameters 
Microstructural 
Features Mechanical Properties 
I Temp. Cooling rate 
Large β Grain Size 
- α-Lamellae size 
- Colony Size 
- GB α-Layer 
Yield strength 
Elongation 
High cycle fatigue 
Macro cracks 
Micro cracks 
K1C 
Creep 
IV Aging Temp. - Ti3Al in α - Secondary α in β N.A 
b) Bi-modal microstructure 
The process for obtaining the so-called bi-modal (duplex) microstructure can be divided into 
four different steps namely: Homogenisation in the β-phase field (step I). Deformation in the 
(α+β) phase field (step II). Recrystallization in the (α+β) phase field (step III) and final aging 
or stress relieving treatment (step IV). The important parameters for each of these four steps as 
well as the resulting microstructural features are shown in Table 2-2. The most critical 
parameter in step I is the cooling rate that determines the width of α lamellar grains and 
maximum size of equiaxed grains [2]. 
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In general, α+β titanium alloys have good ductility and high elongation at fracture. This is 
because of the high volume fraction of β phase, compared to the fully lamellar microstructure 
formed using a similar cooling rate. Mechanical properties of the bi-modal microstructure are 
mainly controlled in the stage III. Stage III determines the size of the β grains in the 
microstructure; this is inversely proportional to the size of the primary equiaxed α grains (αp) 
and their volume fraction. With the increase in volume fraction of αp the strength and ductility 
of the alloys increases. The actual size of β grains determines the final maximum α colony size, 
and therefore small β grains are associated with high yield strength, good ductility and good 
resistance to high cycle fatigue (HCF) [1, 2, 18]. 
Table 2-2 Important processing parameters, resulting microstructure and major influences on 
mechanical properties for bi-modal microstructure [1, 2, 18]. 
Step 
(from Figure 2-5) 
Important parameters 
Microstructural 
features 
Mechanical 
properties 
I • Cooling rate 
- GB α-Layer 
- Width of α-lamellae 
(αp Size) 
N.A 
II 
• Deformation 
Temperature 
• Deformation 
Degree 
• Deformation Mode 
- Texture type 
• Texture intensity 
• Dislocation 
density 
- Texture symmetry 
N.A 
III • Recrystallization Temperature 
- αp Vol.-% 
(β Grain Size) 
- Alloy element 
Partitioning 
 
HCF 
Creep 
 
• Recrystallization 
Time 
• Cooling Rate 
- α-lamellae Size 
- Colony Size 
- GB α-Layer 
Yield strength 
Elongation 
HCF 
Microcracks 
IV • Aging Temperature 
- Ti3Al in α 
- Secondary α in β N.A 
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c) Equiaxed microstructure 
For a fully equiaxed microstructure, there are two possible processing routes. The processing 
route is similar to that used to obtain a bi-modal microstructure up to the recrystallization step. 
If the cooling rate from the recrystallization annealing temperature is sufficiently low, only the 
α primary grains will grow during the cooling process and no α lamella will be formed within 
the β grains, resulting in a fully equiaxed structure with equilibrium volume fraction of β phase 
located at the triple points of the α grains.  
The second possibility to obtain a fully equiaxed microstructure is to recrystallise in step III 
(see Figure 2-5) of the processing route at such a low temperature that the equilibrium volume 
fraction of α phase at that temperature is high enough to form the fully equiaxed microstructure 
directly from the deformed lamellar structure during the recrystallization process. In terms of 
mechanical properties, yield strength, ductility and high cycle fatigue resistance depend on the 
slip length as reported above. The size of the equiaxed α grains determines the mechanical 
properties of the titanium alloys with equiaxed microstructure. 
Overall, the mechanical properties of titanium alloys are strongly influenced by the 
microstructure and the processing conditions. Properties of Ti-6Al-4V with different 
microstructures are illustrated in Table 2-3. The mechanical properties of titanium alloys are 
often altered by heat treatment to suit the specifications of the alloys and the effects of heat 
treatment on Ti-6Al-4V are shown in Table 2-4.  
Table 2-3 Mechanical properties of titanium alloys with different microstructures [23]. 
Microstructure Alloy Yield 
strength, σy 
(MPa) 
Ultimate tensile 
strength, U.T.S.  
(MPa) 
Elongation, ε 
 
(%) 
Lamellar Ti-6Al-4V water quenching 1035 1095 13 
 Ti-6Al-4V air quenching 970 1040 15 
 Ti-6Al-4V furnace cooling 910 980 16 
 Cast Ti-6Al-4V 900-1000 950-1050 5-7 
 Cast +HIPing 800-900 850-950 8-10 
Bimodal*  Ti-6Al-4V(10) 940 990 12.3 
 Ti-6Al-4V(30) 972 1069 14 
Equiaxed Ti-6Al-4V 948 994 21 
*(% volume fraction of equiaxed primary α (α
 p
)) 
14 
 
Chapter Two: Background 
 
Table 2-4 Heat treatments of Ti-6Al-4V and their consequences on mechanical properties [1, 3]. 
Heat treatment Properties 
Mill Annealing -Good fatigue properties. 
-Moderate fracture toughness. 
-Reasonable fatigue growth rates. 
Recrystallization Annealing -Improved fracture properties but has lower strength 
than mill-annealed titanium alloys.  
- Reduced fatigue properties. 
 -Improved fracture toughness and fatigue growth rate 
resistance.  
Beta annealing -Reduced strength. 
 -Improved fatigue crack growth rate resistance and 
fracture toughness and reduces the fatigue strength.  
-This heat treatment is specifically used for damage 
tolerant components  
Solution treated and aged -Improved strength. 
-Ti-6Al-4V in this condition is used as fasteners in 
aircrafts. 
2.1.3 Applications of titanium alloys 
Titanium alloys are widely used in aerospace, automotive, biomedical, marine, chemical and 
other industries due to the properties such as high strength to weight ratio, biocompatibility and 
corrosion resistance [5, 6]. In aerospace, titanium alloys are widely preferred due to the 
following characteristics: weight savings (primarily as steel replacements), space limitations 
(replacing aluminium alloys), operating temperature, corrosion resistance and composite 
compatibility. The lower density of titanium compared with steel permits weight savings when 
replacing steels even though steels may have higher strength. In addition, the strength of 
titanium alloys is significantly higher than aluminium alloys. Titanium could also replace 
aluminium when the operating temperature exceeds about 130 °C, which is the normal 
maximum operating temperature for conventional aluminium.  
Steel and nickel-based alloys are obvious alternatives, but they do have a density about 1.7 
times that of titanium. Excellent examples of utilization of titanium alloys are the landing gear 
beams on the Boeing 747 and 757. The 747 beam is one of the largest titanium forgings 
produced. Figure 2-7 shows the utilisation of titanium alloys in the aircraft industry. 
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Titanium alloys are also used widely in aerospace engine components and their usage continues 
to increase with time (see Figure 2-8).Ti-6Al-4V is the most widely used titanium alloy in the 
aerospace industry. It accounts for about 60% of total titanium production. It has good fatigue 
and fracture properties (which can be optimized through heat treatment) and is used in all 
product forms including forgings, bar, castings, foil, sheet, plate, extrusions, tubing and 
fasteners. This alloy can be heat treated in to achieve optimum properties. 
 
Figure 2-7 a) Percentage of aluminium, titanium, nickel, steel alloys and carbon-fibre reinforced 
composites used in modern large commercial aircraft and gas turbine engines; b) Increase in application 
of titanium alloys in commercial Boeing aircraft [3]. 
 
Figure 2-8 a) Front fans of commercial Rolls-Royce Trent engines made of Ti-6Al-4V (Rolls Royce plc., 
Derby, UK); b) Application of titanium alloys in Rolls-Royce engines [1]. 
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In automotive applications, titanium is being widely preferred for its high specific strength, its 
high elastic energy absorption capacity and its excellent corrosion resistance. Titanium alloys 
are being widely used in manufacturing automotive components such as powertrains, chassis, 
suspension springs and exhaust systems [2]. In addition to aerospace and automobile 
applications, titanium alloys are also being widely used in the biomaterials, chemical 
processing, power generation industries, petrochemical refineries, heat exhangers, condensors, 
steam turbine blades and other micellaneous applications [2]. 
2.1.4 Conventional production of titanium components 
Titanium components are fabricated conventionally using different manufacturing methods 
such as machining, casting, forging, welding and super plastic forming. Manufacturing of 
titanium components using these methods is cumbersome due to the intrinsic properties of 
titanium alloys such as poor thermal conductivity and high chemical reactivity. As a result of 
this, there are many problems associated with the conventional manufacturing of titanium 
alloys [7, 24-26]. The widely used conventional manufacturing methods to produce titanium 
end components can be divided in to four main steps: 
• Conversion of titanium ore in to porous form referred to as Ti-Sponge. 
• Melting and remelting of the sponge several times to form ingots of controlled composition 
and homogeneous microstructure. 
• Conversion of ingots into general milled products. 
• Production of end components from ingots. 
Kroll’s process, the method used to extract titanium from its ore TiO2 is energy intensive and 
represents a significant element of cost for the production of titanium alloy. Despite various 
research efforts, there are no suitable alternative for this process [2, 4, 19]. Conversion of ingots 
into general milled products requires multiple forging steps and heat treatments followed by 
extensive machining to achieve the final shape and appropriate surface finish. This results in 
high material wastage in the form of machined chips. That is, the weight ratio between the raw 
material used for manufacturing a component and the weight of the final components is high 
in aerospace industries. This term is often referred to as “buy-to-fly” ratio in aerospace and is 
typically high (~ 5 -10) for conventional manufacturing methods due to high material costs and 
extensive machining [5, 6].  
 
17 
 
Chapter Two: Background 
 
In addition, heat treatment of the titanium alloys to improve the mechanical properties and to 
reduce the residual stresses often requires inert atmospheres to prevent oxidation and these 
results in high-energy usage and production costs [7, 8]. Casting is used as an alternative way 
to manufacture near-net shape components. However, quality issues such as porosity and 
cracks in end components still prevail in this technology.  
Titanium components fabricated by super plastic forming are used only for non-structural 
components because of the early fatigue and failure risks. The powder metallurgical route of 
manufacturing titanium end components can produce near net shape components with less 
material wastage. However, this process often results in defects and hot isostatic pressing is 
often required. Overall, manufacturing of titanium components using different conventional 
manufacturing techniques is time consuming, highly expensive and energy intensive.  
Due to high cost and time consumption for manufacturing titanium end components, their use 
is often limited in various industries. However, the production and usage of titanium 
components are still increasing at a rapid rate. Titanium components production is drastically 
increasing in various countries including United States, Russia, Japan, China, Britain, France, 
Germany and Italy as shown in Figure 2-9. It is also found that the use and production of 
titanium and its alloys will increase dramatically in the near future in all the major countries 
[27]. According to aerospace industries, the demand of titanium alloys will be higher in the 
future due to the increase in titanium content in Boeing, Airbus and other commercial aircraft 
[27]. There has been a 35% increase in the usage and consumption of titanium alloys by Boeing 
and Airbus from 2007 to 2015, and the demand is expected to further rise in the future (Figure 
2-10). Therefore, it is significantly important to find alternative ways to manufacture titanium 
end components so that the ever increasing demand can be fulfilled with high productivity, 
product quality and less manufacturing costs. 
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Figure 2-9 Titanium production in major countries from the year 2003-2010 [27]. 
 
Figure 2-10 Increase in demand of titanium alloys in commercial aircraft from the year 2007-2015 [27]. 
2.2 Additive manufacturing of titanium alloys 
Additive manufacturing is the formalized term for what used to be called rapid prototyping and 
is popularly called 3D Printing. It refers to the process of fabricating parts by adding materials 
in layers, which is in contrast to machining technology that removes, or subtracts material from 
raw material. This technology is revolutionising product development and manufacturing [17]. 
Additive manufacturing is being widely used for near net shape fabrication of different 
materials.  
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Some of the widely used materials in additive manufacturing include [23]: 
1)Polymeric materials – ABS , PLA plastics, VisiJet®, Accura plastics, DuraForm®,PA 
plastics, PrimeCast®, PAEK, Polyamide, Polycarbonate. 
2)Metallic materials – Stainless steel, tool steel, Ni-Ti superalloys, Ag, Au, Ti-alloys, Co-Cr 
alloys, Al alloys, Bronze alloys, Inconel 
Various metallic additive manufacturing process such as:  
a) Powder bed system:  Electron Beam Melting (EBM), Direct Metal Laser Sintering (DMLS), 
Selective Laser Sintering (SLS), and Selective Laser Melting (SLM); 
b) Powder feed system: Laser Engineered Net Shaping (LENS), Direct Metal Deposition 
(DMD), Laser Consolidation (LC), Laser Deposition (LD) and  
c)Wire feed system: Electron Beam Direct Manufacturing (EBDM), Plasma Transferred Arc 
Selected Free Form Fabrication (PTAS FFF), Ion Fusion Formulation (IFF) are being widely 
for the fabrication of near net shape components [9]. 
These technologies are widely preferred for fabrication of near-net components due to 
advantageous characteristics such as freedom of design, on-demand manufacturing, high 
productivity and low material wastage.  
Schematically, AM technology can be broken in to seven sequential parts [16]:  
Creation of CAD model – This process involves designing of a 3D computer model in 
commercially available software to meet the component geometry requirements. Sometimes, 
reverse engineering equipment such as laser and optical scanning devices are also used to create 
the 3D digital model. 
 Conversion of CAD model to .STL format – In this step, the digital model is converted to .STL 
format, which describes the surfaces of the original CAD model and forms the basis for 
calculation of the slices. 
Data transfer to AM machine – In this step, the .STL format file describing the component is 
transferred to the AM machine. In addition, general manipulations to ensure correct size, 
position and orientation for building is performed in this step.  
Machine set-up – The process parameters required for fabrication of components are loaded in 
this step. This step is crucial as the input parameters in this section affect the quality of the end 
components. 
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Building process – In this step, layer by layer deposition of the material takes place in 
accordance with the CAD and input parameters. 
Removal and clean-up – This process involves the removal and clean-up of final end-
components from the AM machine after completion of the building process. 
Post processing – Finally, in this step, additional cleaning or post processing process such as 
heat treatment or machining are employed to ensure product quality meets the component 
requirements. 
Further details about AM technology are described in detail elsewhere [16, 28-30]. However, 
some of the processes are not purely additive; they may add material at one point but also use 
subtractive processes at some stage as well. For instance, a milling-combined laser sintering 
system (MLSS), where both laser sintering and a high speed milling process are used for 
manufacturing final end components [31, 32].  
Despite the technological advancement of AM, very few research studies have been published 
about the post processing of AM fabricated components, which plays a crucial role in product 
quality and performance. Therefore, a thorough understanding of material characteristics and 
machinability of SLM fabricated titanium alloys is paramount to design better manufacturing 
routes to improve the productivity and product quality in manufacturing industries. 
2.2.1 Application of metallic additive manufacturing technology 
Additive manufacturing has gained significant importance in the field of manufacturing in 
recent years due to its advantageous features over conventional manufacturing. Various 
metallic components fabricated using additive manufacturing technologies are widely used in 
the aerospace, automobile, biomedical and other industries [9, 10, 16, 17]. 
Complex geometries and structures for aerospace applications are fabricated using advanced 
materials such as titanium alloys, nickel based super alloys, steels and high temperature 
ceramics. Aerospace end use components are usually obtained from mill products after forging 
and extensive machining. This approach to fabrication results in the generation of waste 
material and therefore the expenditure of considerable resources. It is particularly evident in 
aerospace industries  where the “buy-to-fly ratio” is typically 5-10 during conventional 
manufacturing of titanium end components due to low productivity and high production costs 
[6]. Therefore, additive manufacturing has huge potential in manufacturing aerospace end 
components. AM is being used by GE Aviation to fabricate fuel nozzles for the GE leap engine 
(see Figure 2-11).  
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The fuel nozzles fabricated from this technology are 25 times lighter and five times more 
durable than conventionally manufactured fuel nozzles. In automotive industries, AM is used 
to manufacture automotive components such as engine exhausts, drive shafts, gearbox 
components and other critical components. The ability of this technology to reduce the product 
development cycle and manufacturing costs makes it highly appealing for manufacturing 
automotive components. 
AM also has huge potential in the biomedical industries to manufacture products such as 
orthopaedic implants, tissue scaffolds, artificial organs, medical devices, micro-vasculature 
networks and biomedical chips. The benefits of AM in orthopaedic and dental implants derive 
significantly from the ability of this technology to manufacture complex geometries and 
structures, to make rough, engineered surfaces for more effective bone integration, and to allow 
a personalized match to each patient’s needs. Moreover, this technology also allows versatility 
in the use of biomaterials and fabrication of scaffolds with complex geometries and designed 
internal architecture [15, 33]. In addition to these applications, this technology is also being 
used to fabricate artificial organs, medical devices and numerous other applications in the field 
of biomedical engineering [9, 10]. Furthermore, AM also has huge potential in the energy 
sector for rapid development and fabrication of prototypes to reduce the cost and lead-time of 
research and development of new products, and the exploration of novel designs to improve 
the energy efficiency and power density.  
Overall, additive manufacturing is gradually replacing the conventional manufacturing 
methods for fabrication of various components in different industries due to its advantages over 
conventional manufacturing methods. However, poor productivity and surface quality in AM 
technology is a major challenge and needs to be rectified. Thus, understanding of 
machining/machinability characteristics of AM (or SLM) fabricated components is 
significantly important to establish a better manufacturing process route in industry. 
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Figure 2-11 a) Fuel nozzle fabricated using additive manufacturing technology [34]; b) AM fabricated 
pump housing [35]; c) Femoral components fabricated using AM technology [15]. 
2.2.2 Significance of machining in additive manufacturing 
The production of complex geometrical components is much easier in SLM and other AM 
technologies due to their simple product development cycle when compared to conventional 
manufacturing methods as discussed in the previous section 2.2.1.  
In SLM processes, it is possible to produce components with an accuracy of between ±40 µm 
to around ±80 µm depending on the geometry and orientation of the part during production. 
However, unmelted powder particles and laser scan track marks on the surface of the SLM 
fabricated end components affect their dimensional accuracy and surface finish. In addition, 
creation of overhanging structures in SLM is an arduous task and requires special supporting 
systems.  
a) b) 
c) 
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Often the overhang structures fabricated using SLM technology fracture during fabrication of 
SLM end components [36]. Figure 2-12 shows a typical fracture commonly observed during 
fabrication of an overhang structure. This problem with SLM technology in certain aspects of 
component fabrication acts as a major drawback for its applications in aerospace industries 
where components with complicated geometry need to be manufactured. Therefore, machining 
of SLM fabricated components is necessary to assure high accuracy in shape, dimension and 
surface quality. 
 
Figure 2-12 Fracture of overhanging part of the component during fabrication in SLM [36]. 
To overcome these deficiencies in AM (or SLM) technologies, significant research is being 
carried out and machining has potential to overcome some of associated problems in AM (or 
SLM) technology. In addition, machine tool manufacturing companies such as DMG Mori are 
integrating machining and AM technology to improve the productivity and product quality by 
exploiting the advantages of these technologies [37]. Despite the significance of machining in 
AM (or SLM) technology in improving productivity and surface quality, only few studies 
concerning machinability characteristics of AM fabricated components have been carried out. 
A study comparing machining of AISI H13 alloys fabricated from laser deposition and wire 
arc manufacturing technologies with wrought AISI H13 found that cutting forces and the 
cutting force co-efficient were found to be higher during machining of the AM alloys compared 
to wrought alloys [38]. However, this research work was only limited to cutting forces and 
clear understanding of machinability behaviour of AM fabricated components and the 
influence of material properties was not fully explored. Tool wear and surface integrity analysis 
of EBM fabricated components subjected to machining are common approaches to 
characterising the difference in machinability behaviour of AM and conventionally produced 
components [39-42]. However, there is still a lack of knowledge of machinability of SLM 
fabricated Ti-6Al-4V alloy. Moreover, chip formation nature and the influence of build 
orientation on machinability nature is not yet explored. 
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2.2.3 Previous studies on additive manufacturing of titanium alloys 
Initial studies of AM of titanium alloys were focussed on the production of cellular scaffolds 
and small customised medical prostheses that would have been extremely costly to make using 
traditional manufacturing methods [33, 43-45]. Recent studies have shown that AM could also 
be used to manufacture different types of lightweight parts/structures for the aerospace industry 
[46-48]. However, the main problems faced in AM of titanium alloys is systematic porosity 
and high surface roughness due to the behaviour of the melt pool created at each laser pass [36, 
49-57]. Poor surface finish is a major challenge for AM technologies as it can directly affect 
the functional performance of the manufactured components. Therefore, post machining of AM 
components is often advised to improve the productivity and product quality as discussed in 
the previous section 2.2.2. 
Understanding the microstructural features of the AM fabricated titanium alloys is important 
due to the impact on the properties and performance of end components (as discussed in section 
2.1.2). Previous studies reveal that microstructure of titanium shaped by AM technology is 
influenced by cooling rates experienced by the melt pool, laser scan speed, power, laser motion 
path and heat loss direction [58-61]. Moreover, the microstructures of AM titanium 
components are non-homogeneous and anisotropic in nature, unlike conventionally produced 
wrought titanium components. This difference in microstructural behaviour of wrought and 
AM fabricated components needs to be explored to ensure manufacturing of high quality end 
components. The different microstructural features are observed in titanium alloys fabricated 
from different AM technologies due to nature of the fabrication process. Table 2-5 shows the 
microstructural features of Ti-6Al-4V fabricated using different manufacturing technologies.  
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Table 2-5 Microstructural features of Ti-6Al-4V components fabricated using different AM technology. 
Manufacturing 
technology Reported microstructural features References 
Po
w
de
r f
ee
d 
sy
st
em
 
Lasform • Columnar prior β grains with fine α 
lamellae 
[62] 
LENS • Columnar prior β grains with fine 
acicular α grains 
• Anisotropic microstructure 
[58, 59, 63, 
64] 
W
ire
 fe
ed
 
sy
st
em
 
Wire feed 
shaped metal 
deposition 
• Mixture of basket weave/colony α 
and martensitic α’microstructure 
and some retained β phase 
• non-homogeneous microstructure 
[65, 66] 
Po
w
de
r b
ed
 sy
st
em
 
EBM • Fine lamellae with basket weave 
morphology and with retained β at 
the grain boundaries 
• Mixture of α and β equilibrium 
phases 
[60, 61, 67] 
SLM 
 
 
 
 
 
 
• Columnar prior β grains with fully 
martensitic α’ phase. 
• Homogeneous microstructure but 
anisotropic microstructure 
[56, 68, 69] 
C
on
ve
nt
io
na
lly
 p
ro
du
ce
d 
Wrought • Equiaxed, lamellar, bimodal 
microstructure based on the 
thermo-mechanical treatment. 
• Usually homogeneous and isotropic 
in nature. 
[2, 18] 
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The properties of the AM fabricated components can greatly depend on the microstructural 
characteristics and features. Porosity was found to be one of the major challenges in fabrication 
of components using the powder metallurgical route [2]. However, research has shown that 
AM technology can produce 99 % dense components by using optimum process parameters 
[16, 17]. Fabrication of highly dense components have proved the potential of AM technology 
to produce components with mechanical properties comparable to conventionally produced 
wrought components [15, 33, 62, 70]. Anisotropy in microstructure and mechanical properties 
is widely reported in AM fabricated titanium components, unlike conventionally produced 
wrought titanium alloys. Kobryn and Semiatin [64] studied the tensile properties of AM 
(LENS) fabricated Ti-6Al-4V in three different build directions and found that there was 
anisotropy in mechanical properties (specifically ductility) due to columnar grain orientation. 
High ductility was observed during tensile loading along the building direction parallel to the 
columnar prior β grains due to the limited number of grain boundaries. The anisotropy in 
microstructural and mechanical characteristics was also found in wire feed and powder bed 
AM technology due to columnar nature of prior β grain boundaries [33, 65, 68, 71]. Despite 
the advancements in AM technology, there is still no literature addressing ways to improve the 
manufacturing process route of AM technology to produce high quality titanium components. 
In addition, the influence of anisotropy on machinability of AM (or SLM) fabricated titanium 
components is not yet explored. 
2.2.4 Selective laser melting of titanium alloys 
Out of all the AM technologies, SLM is the most popular and emerging technique. It has gained 
great attention amongst researchers and manufacturers due to its high accuracy and 99 % dense 
fabrication of components [14, 36, 49, 50, 52]. This section discussed SLM technology, its 
working principles and the previous work carried out concerning SLM of titanium alloys. SLM 
was developed in 1990s by MCP Tooling Technologies but research on SLM of titanium alloys 
started appearing in 2000. The SLM process is similar to the EBM process, except the source 
of heat is obtained from a laser beam rather than an electron beam. This process operates within 
a vacuum chamber that is back filled with inert gas such as Argon or Nitrogen. In the SLM 
process, a powder layer is deposited onto the substrate base plate attached to the piston. The 
laser beam scans the powder bed according to the slice data of the model, and the first solid 
layer is made on the base dimensional object by layer by layer deposition of the powders. 
Figure 2-13 shows the schematic illustration of a SLM process. 
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Figure 2-13 Schematic illustration of selective laser melting system [36]. 
Previous studies on SLM reveal that SLM fabricated titanium components consist of columnar 
prior β grains because of the thermal history experienced by the layers. Thijs et al. [56] found 
that the elongation of columnar grains depends on the heat transfer conditions which are 
controlled by the scanning strategy. However upon rapid cooling to room temperature the 
columnar grains transform to fully martensite α’ phase [56]. Robert et al. [72] found that during 
the SLM process, layers can cool down very rapidly in the orders of thousands of degrees per 
second. The mechanical properties of SLM titanium alloys can vary greatly depending on the 
system in use and the porosity of each build part [54, 57, 70]. Near fully dense machined Ti-
6Al-4V SLM bars tested perpendicular to the build direction have shown tensile strength 
comparable to that of hot isostatically pressed cast or wrought Ti-6Al-4V [73]. Murr et al.[33] 
found that components with about 50% higher strength than conventionally produced wrought 
Ti-6Al-4V can be fabricated using SLM technology. Like other AM technologies, SLM 
fabricated components have also shown that build orientation significantly affects the ductility 
[12]. However, further understanding of SLM Ti-6Al-4V components and the influence of heat 
treatment on material characteristics and its consequences on machinability and chip formation 
behaviour needs to be explored to improve the product quality.  
Laser head 
Piston 
Metallic powder 
Base plate 
Powder feeder 
Chamber 
Optical fibre Pulsed YAG laser beam 
Molten part 
3D model Inactive gas 
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2.3 Machinability 
As discussed in the previous section 2.2, machining is paramount in the AM fabricated 
components to improve the productivity and product quality. This section discusses the current 
knowledge of machinability/machining studies and critically reviews the previous work related 
to machinability/machining of titanium alloys. 
The term machinability is used in innumerable books, papers and discussions. However, truly 
speaking, there is no unique definition for machinability. Trent Wright [74] in his book 
described machinability as: 
“The machinability of an alloy is similar to the palatability of wine – easily appreciated but 
not readily measured in quantitative terms” 
In simple words, it is the criteria for judging the ease and speed in machining a material. It is 
often characterised by following criteria: 
• Tool life, which substantially influences productivity and economy in machining - The 
amount of material removed by a tool, under standardized cutting conditions, before the 
tool performance becomes unacceptable or the tool is worn by a standard amount. 
• Magnitude of cutting forces, which affects power consumption and dimensional accuracy 
-The forces acting on the cutting tool measured using force measurement devices under 
specific conditions. 
• Surface finish and surface integrity of the machined components - Surface finish and 
surface integrity of the machined components which play a significant role on performance 
and service life of a product. 
• Chip formation characteristics - The formation of chip, its morphology and its 
characteristics, influencing the clearance of the chips from around the tool, under 
standardized cutting conditions. 
• Material removal rate - The ease of material removal at maximum rate by machining under 
given cutting conditions without compromising tool wear and product quality.  
The machinability characteristics of a given work material are influenced by properties of the 
work material, cutting tool-material and geometry, level of process parameters and machining 
environments. Specifically, work material properties and characteristics such as 
microstructure, strength, hardness, chemical reactivity, work hardening and thermal 
characteristics play a significant role in affecting the machinability adversely.  
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Machining can be defined as a material removal process used to produce useful components. 
It involves the use of power driven machine tools, with a sharp cutting tool, to mechanically 
cut the material in order to achieve the desired geometry. A machining process may then be 
considered as a system consisting of the workpiece, tool and the machine. Several machining 
operations are used for material removal. Turning, drilling and milling are some of the major 
machining operations in metal cutting. 
Turning 
Turning is one of the basic metal cutting operations. In this machining operation, the work 
material is fixed in the chuck of a lathe and rotated at appropriate speeds. Work material is cut 
using a rigid, fixed cutting tool in the tool post, which moves at a constant rate along the axis 
of the bar, to form a cylinder or complex surface profile (see Figure 2-14 a). Facing, similar to 
turning, is also carried out in a lathe. However, in this case, the tool feeds from the surface 
towards the center or the periphery of the workpiece to generate a flat surface.  
The process parameters involved in this machining operation are: 
Cutting speed (Vc) - the rate at which the uncut surface of the work passes the cutting edge of 
the tool,  
Feed rate (f) – the distance moved by the tool in an axial direction at each revolution of the 
work material  
Depth of cut (d) – the thickness of metal removed from the bar in a radial direction  
Drilling 
The drilling operation is primarily used to produce holes in the work material. A twist drill, 
with two cutting edges, is the most commonly used tool in drilling operation. The rake faces 
of the drill are formed by part of each of the flutes and the rake angle is controlled by the helix 
angle of the drill (as shown in Figure 2-14 b). In drilling, there is a variation in cutting speed 
along the cutting edge. The speed is maximum at the periphery of the drill tool and approaches 
zero near the center of the drill tool. 
Milling 
A milling operation is used to produce grooves and flat surfaces in the work material. In this 
operation, a cutting action is achieved by rotating the tool while the work material is clamped 
on a table and the feed action is achieved by moving it under the cutter. Single tooth and 
multiple tooth cutters are used widely for milling operation.  
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Based on the motion of the cutting tool, milling can be classified into up milling and climb 
milling (see Figure 2-14 c). Milling is an intermittent cutting process and the tool is subjected 
to periodic impacts during its interactions with the workpiece. Consequently, mechanical and 
thermal stresses fluctuate in the cutting tool during this machining operation. Material removal 
rate is generally high in this machining operation due to the high number of cutting teeth.   
 
 
Figure 2-14 Machining operations a) turning, b) drilling c) milling (i) up milling (ii) down milling [74]. 
 
 
 
 
 
(i) (ii) 
a) b) 
c) 
Fz 
Fx 
Fy 
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2.3.1 Metal cutting theory 
Metal cutting is a high strain, strain rate and temperature process in which cutting energy from 
the tool is transferred to the work material to deform it plastically to form chips. Machinability 
of a material is greatly influenced by the cutting forces and frictional conditions between the 
tool and chips. The mechanics of cutting and distribution of the deformation zones are used to 
quantitatively predict the behaviour of work materials during cutting. Also, the cutting energy 
expended in chip formation is concentrated on the shear planes and various models are used to 
effectively predict shear plane. In metal cutting, these shear planes were considered as a 
boundary line which separated the deformed and undeformed materials. Initially, Piispanen 
[169] described that material during metal cutting is sheared like sliding a deck of cards, 
stacking over each other [83, 91]. However, this model is not valid for describing plastic contact 
friction and build up edge (BUE). After the basic metal cutting model proposed by Piispanen, 
many metal cutting theories were developed to describe the shear plane and plastic deformation 
zones. This section reviews the various metal cutting models and theories used for describing 
machining.  
Merchant’s theory 
Merchant’s model remains as an important milestone in metal cutting theory. In the classic 
Merchant model, the shear process is limited to a thin, imaginary shear plane. As per this model, 
primary deformation occurs in this thin shear plane and the movement of chip takes place along 
the tool face with sliding friction, defined by the average friction co-efficient µ. This model 
(shown in Figure 2-15) establishes the approximate interrelation between various components 
of forces in the orthogonal turning model [74].  
In the Merchant’s circle, R is the resultant force in cutting. It splits into components acting 
along x, y and z-axis. Firstly, it can be obtained as the combination of the main cutting force 
Fz and feed force Fy. Secondly, it can be projected on the rake face and normal to the rake face 
directions. As it is a combination of friction force (F) and normal force (N) on the rake face. 
Since friction co-efficient, µ = F/N = tan λ, the resultant force R is inclined at the friction angle 
λ to the direction normal to the rake face. Finally, R can be given as combination of forces FS 
and FN acting along the shear plane and normal to it, respectively. 
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The stresses acting in the shear plane are equal to the shear strength KS of the work material in 
that area and therefore the force acting on the shear plane and cutting tools are given as: 
 𝐹𝐹𝑠𝑠 = 𝐾𝐾𝑠𝑠.𝐴𝐴𝑠𝑠 = 𝐾𝐾𝑠𝑠 𝑡𝑡1𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙  2-1 
 𝐹𝐹𝑍𝑍 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑠𝑠(𝜆𝜆 − 𝛼𝛼) = 𝐾𝐾𝑆𝑆𝑑𝑑𝑡𝑡1𝑅𝑅𝑅𝑅𝑠𝑠(𝜆𝜆 − 𝛼𝛼)𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙cos (𝜙𝜙 + 𝜆𝜆 − 𝛼𝛼) 2-2 
 𝐹𝐹𝑋𝑋 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑠𝑠(𝜆𝜆 − 𝛼𝛼) = 𝐾𝐾𝑆𝑆𝑑𝑑𝑡𝑡1𝑅𝑅𝑅𝑅𝑠𝑠(𝜆𝜆 − 𝛼𝛼)𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙 cos (𝜙𝜙 + 𝜆𝜆 − 𝛼𝛼) 2-3 
In Merchant’s theory, the shear angle (𝜙𝜙) and co-efficient of friction at the tool-chip 
interface (𝜇𝜇) is described by: 
 𝜙𝜙 = 𝜋𝜋4 − 12 (𝜆𝜆 − 𝛼𝛼) 2-4 
 𝜇𝜇 = 𝐹𝐹
𝑁𝑁
= 𝐹𝐹𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼 + 𝐹𝐹𝑋𝑋𝑅𝑅𝑅𝑅𝑠𝑠𝛼𝛼
𝐹𝐹𝑍𝑍𝑅𝑅𝑅𝑅𝑠𝑠𝛼𝛼 − 𝐹𝐹𝑋𝑋𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼
 2-5 
This model cannot predict the influence of process parameters, such as cutting speed on the 
material behaviour. Another drawback of this scheme is an oversimplified friction model, not 
accounting for the influence of the contact area between the tool and chip on the cutting 
process. 
The friction model used in this model implies that the frictional force F and normal force N are 
uniformly distributed along the sliding interface and that F is proportional to N. This is an 
oversimplified approach, which cannot adequately describe seizure conditions at the tool-chip 
interface.  
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Figure 2-15 Model of chip formation proposed by Merchant [75]. 
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Oxley’s theory 
In Oxley’s theory, chip formation takes place in a shear zone rather than shear plane (as 
described in Merchant’s theory). Chip formation at low speeds takes place in a fan shaped shear 
zone and at high speeds it takes place in a parallel sided zone (see Figure 2-16).Work hardening 
characteristics of the material and frictional conditions are considered and described as shear 
within a layer of the chip adjacent to the rake face of the tool. “Near–seizure” conditions exist 
in this layer, with velocity in the work material-approaching zero. This theory is sophisticated 
and can allow quantitative predictions from realistic data of stress/strain behaviour of the work 
material, allowing for strain hardening and the influence of high strain rates and temperature. 
In addition, this model also allows predictions of built up edge conditions during cutting of 
steel. The direction of maximum shear stress and maximum shear strain rate are in the line OD 
in the shear zone and in the tool-chip interface. This theory analyses the stress distribution 
along OD and the tool/chip interface in terms of shear angle and work material properties. In 
this theory shear angle is described by: 
 𝜃𝜃 = 𝜙𝜙 + 𝜆𝜆 − 𝛼𝛼 2-2 
Inadequate estimation of the strain, strain rates, time and temperatures at the primary 
deformation zone and secondary deformation zone remains a challenge in this model. In 
addition, lack of alternative experimental measurement of contact area also presents difficulties 
in this model. 
 
Figure 2-16 Oxley’s chip formation model [74]. 
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Rowe and Spick’s theory 
This theory offers understanding of metal cutting features based on the consideration of the 
energy expended in cutting. This theory assumes that shear strain on the shear plane is a thin 
layer of work material adjacent to the tool rake face and it forms the chip. In this hypothesis, 
the shear plane will adopt a position such that the total energy expended in the system is 
minimised, similar to Merchant’s proposal. 
 
Figure 2-17 a) Rowe-Spick model of chip formation and b) corresponding velocity triangle [74]. 
 
As per the assumption in this theory, 
 𝑑𝑑(𝑤𝑤𝑅𝑅𝑤𝑤𝑤𝑤 𝑑𝑑𝑅𝑅𝑠𝑠𝑑𝑑 𝑠𝑠𝑑𝑑𝑅𝑅� )
𝑑𝑑ф
= 𝑑𝑑(𝐹𝐹𝑍𝑍.𝑉𝑉)
𝑑𝑑ф
= 0  2-3 
 𝑅𝑅𝑅𝑅𝑡𝑡𝑑𝑑 𝑅𝑅𝑜𝑜 𝑤𝑤𝑅𝑅𝑤𝑤𝑤𝑤 𝑑𝑑𝑅𝑅𝑠𝑠𝑑𝑑 = �𝑃𝑃𝑤𝑤𝑠𝑠𝑃𝑃𝑅𝑅𝑤𝑤𝑃𝑃 𝑆𝑆ℎ𝑑𝑑𝑅𝑅𝑤𝑤 + 𝑆𝑆𝑑𝑑𝑅𝑅𝑅𝑅𝑠𝑠𝑑𝑑𝑅𝑅𝑤𝑤𝑃𝑃 𝑆𝑆ℎ𝑑𝑑𝑅𝑅𝑤𝑤 2-4 
In this theory, when all the cutting conditions are kept constant, the rate of work on the shear 
plane is proportional to 1 sinф  𝑅𝑅𝑅𝑅𝑠𝑠ф�  and the amount of strain on the shear plane. 
Overall, from the metal cutting models, Merchant’s model assumes that deformation occurs in 
a thin shear plane. Moreover, this model is not effective in describing the deformations in the 
secondary deformation zones in metal cutting. In addition, Merchant’s circle is not valid in the 
presence of the build up edge, when the work material adheres to the cutting tool. Rowe and 
Spike’s model presents a method of making quantitative predictions of cutting behaviour from 
the properties of the work materials. However, the deformation zones are not effectively 
explained in this model. Oxley’s model effectively describes the deformation zones in metal 
cutting and material behaviour in these deformation zones.  
a) b) 
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Moreover, difficulty in estimating strain, strain rates, temperatures in deformation zones and 
the inability to estimate the contact area acts as a major challenge in effectively predicting the 
cutting forces and shear angle in metal cutting. Therefore, the theoretical understanding from 
these models are used to understand the nature of deformation in metal cutting. 
2.3.2 Machinability of titanium alloys 
Titanium alloys are classified as “difficult to cut” materials [25, 76-78]. Machining of titanium 
alloys is as challenging as the cutting of other high temperature materials. Poor machinability 
of titanium alloys is one of the major concerns in various manufacturing industries as it 
increases the production costs of titanium components. 
 Considering the difficulties faced in machining titanium alloys, in 1995, Siekmann [79] 
pointed out that: 
“Machining of titanium and it alloys would always be a problem, no matter what 
techniques are employed to transform this metal into chips” 
Poor machinability of titanium alloys is due to the following reasons [25, 78, 80-82]: 
• High hot hardness and strength of titanium alloys that cause tool deformation during 
machining. 
• High dynamic shear strength resulting in localisation of shear strength during machining 
of titanium alloys. 
• Poor thermal conductivity leading to shear localisation and chemically accelerated wear 
mechanisms. 
• High chemical reactivity of titanium alloys with all tool materials. 
• Low modulus of titanium alloys that leads to chatter. 
Further details on experimental measurements and characterisation of machinability and 
previous works related to machinability or machining of titanium alloys are discussed in the 
next sections. 
2.3.3 Cutting forces 
As discussed in section 2.3.1, it is important to estimate the magnitude of the cutting forces to 
characterise the material’s machinability [74, 83]. In addition, knowledge of cutting forces is 
significantly important to estimate the power requirements for the design of machine tool 
elements, tool-holders and fixtures. Machining research essentially involves the study of 
cutting forces acting on the cutting tool.  
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In turning, there are three mutually orthogonal components of cutting forces. The component 
of the force acting on the rake face of the tool in the direction of cutting velocity is called the 
main cutting force (Fz). The second cutting force component acting along OX and parallel to 
the feed direction, is known as feed force (Fx). On the other hand, the force component that 
tends to push the tool away from the workpiece in a radial direction is known as thrust force 
(Fy) (shown in Figure 2-18). The absolute values of forces in metal cutting are comparatively 
low as compared to other manufacturing processes such as forging or forming. However, the 
stresses acting on the cutting tool are very large due to the smaller contact area in metal cutting. 
 
 
Figure 2-18 Forces acting on the cutting tool [75]. 
Two main methods of force measurement in metal cutting include direct and indirect methods. 
In direct methods, electrical signals proportional to the cutting forces, deflections or strains are 
measured in elements supporting the cutting tool. These methods provide accurate 
measurements of forces in both magnitude and direction. On the other hand, in indirect 
measurements, the forces are deduced from the power used by the lathe motor. The description 
in this section will be limited to the direct methods, as they are more accurate than the indirect 
methods. Direct methods such as cutting force dynamometers were used throughout in the work 
described in this thesis. 
Devices such as lathe or tool dynamometers usually measure the forces during metal cutting. 
There are number of requirements that a perfect tool dynamometer must satisfy. For instance, 
the dynamometer should have high sensitivity, rigidity and accuracy. 
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In addition, the dynamometer should be stiff enough not to affect the rigidity of the tool-
workpiece system. The dynamometer should be capable of measuring even small deflections 
of about 1 µm. In addition, the natural frequency of the force-measuring instrument should be 
at least 4 times higher than the frequency of the parasitic vibrations. This will ensure that 
vibrations do not adversely affect the recorded force. Furthermore, there should be no cross 
sensitivity between the measured force components, i.e., no influence on the load applied along 
one axis on the reading in other directions. A dynamometer should be stable with respect to 
time, temperature and humidity. The most common type of dynamometer uses strain gauges to 
measure elastic strains caused by the cutting forces. However, a new generation of tool 
dynamometers are based on the piezoelectric effect (Figure 2-19). The description in this 
section is limited to piezoelectric dynamometers as they are used in cutting force measurement 
in this thesis and in the majority of the modern force measurement experiments.  
For piezoelectric materials such as barium titanate or quartz crystals, deformation of the crystal 
under the applied mechanical force causes generation of an electrical charge proportional to 
the force; this is called the piezoelectric effect. This principle is used for creation of the three 
axis force dynamometer. Typically, quartz is used as a piezoelectric material, due to its good 
dynamic properties. There are several stacks of quartz crystals inside a dynamometer, each 
being oriented in its piezoelectric sensitive direction to detect one of the respective force 
components. The produced charge is very small and a charge amplifier is needed to increase 
the output signal. The natural frequency of such a dynamometer is close to that of quartz 
crystals and is usually between 2 and 5 kHz. 
Overall, piezoelectric devices are an ideal choice for cutting force measurement in metal 
cutting/machining operation due to their high rigidity, accuracy and sensitivity compared to 
other cutting force measurement techniques. In this thesis, dynamometers are used to measure 
cutting forces accurately. 
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Figure 2-19 Piezoelectric dynamometer [84]. 
Cutting forces and stresses in machining titanium alloys 
Cutting forces during machining/metal cutting are significant to analyse the cutting process 
and the machinability characteristics of a material to improve and optimise the cutting 
conditions. Cutting forces measured in machining of titanium alloys and steels are quite similar 
[74, 83]. However, the mechanical stresses acting on the cutting tool are significantly high 
during machining of titanium alloys due to the relatively small chip-tool contact area leading 
to premature tool failure [25]. Measurement of cutting forces during machining can yield great 
insight into the nature of cutting characteristics of the materials and help optimise cutting 
conditions. Cutting forces during machining of titanium are dependent on microstructure, 
mechanical properties and cutting parameters. Sun et al. [85] observed variation in cutting 
forces during machining of titanium alloys with equiaxed, bi-modal and fully lamellar 
microstructure. To further understand the influence of microstructure on cutting forces during 
machining, Nouri [86] found that titanium alloy with  fine grained nodular microstructure (Ti-
555) required higher cutting forces during machining as compared to coarse grained 
microstructure (Ti-6Al-4V) (Figure 2-20). Similarly, Arrazola et al. [78]  found that titanium 
alloys with fine grained microstructure (Ti555.3) and higher strength and hardness required 
higher cutting forces compared to those with a coarse grained microstructure (Ti-6Al-4V) 
(Figure 2-21). However, research works by Cedergen et al. [87] found no obvious difference 
in cutting forces during machining of titanium alloy (Ti-6Al-4V) with different 
microstructures. However, the influence of microstructure and mechanical properties on 
cutting forces is not clear and needs to be further explored. Moreover, no studies are available 
discussing the cutting forces involved during machining of SLM titanium alloys. A thorough 
examination of microstructure, mechanical properties and their influence on cutting forces 
during machining of SLM fabricated titanium alloys is needed to understand the material’s 
machinability and to ensure high quality manufacturing. 
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Figure 2-20 Cutting forces and feed forces during machining of Ti-555 and Ti-6Al-4V [90]. 
 
 
Figure 2-21 Specific cutting forces and feed forces during machining of Ti555.3 and Ti-6Al-4V [78]. 
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2.3.4 Tool wear and wear mechanisms 
During machining the most commonly adopted method for assessing material machinability is 
the tool wear occurring during the cutting. Tool wear in simple words is defined as being “the 
change in shape of the cutting part of a tool from its original shape, resulting from the gradual 
loss of tool material during cutting” [83]. Various tool wear mechanisms operating on a cutting 
tool are shown in Figure 2-22. Tool wear depends mainly on the physical, chemical and 
mechanical properties of the tool and workpiece. Cutting fluids and machining process 
parameters also play a vital role on tool wear. Since there is considerable difficulty in 
analytically modelling the tool wear, knowledge is largely based on the experimental data 
rather than the analytical data.  
Tool wear mechanisms can be broadly defined by 
Abrasive wear 
Abrasive wear refers to the loss of material by the formation of chips in abrasive machining 
and is typically caused by sliding hard particles against the cutting tool. The hard particles can 
come from either the work material or parts of the cutting edge that have broken away during 
machining [83]. For this wear mechanism to occur, it is a requirement that one surface of the 
sliding pair during machining be harder than the other member of the sliding pair. 
Alternatively, hard particles can be formed by chemical reaction of the wear debris. Wear can 
be minimised by making the hardness of the sliding surfaces as high as possible, choosing a 
mating pair of surfaces that are compatible, reducing the surface roughness of the mating 
surfaces, ensuring that the surfaces are well lubricated and minimising the load on the sliding 
surfaces during machining [91]. Abrasive wear is a mechanical damage wear mechanism and 
is not observed at higher cutting speeds where the temperature increases and thermally induced 
wear mechanisms play a dominant role. 
Adhesion/attrition wear 
When a mating pair of surfaces comes close together a particle may transfer from one surface 
to the other if the bonds that are formed at the interface between the surfaces are stronger than 
the local strength of the workpiece material [91]. This wear occurs at lower cutting speeds 
when temperatures are low and wear based on plastic deformation or diffusion does not occur. 
The most common indication of this type of wear is the formation of build up edge (BUE) at 
relatively low rates of material removal. This wear is also a mechanical damage mechanism 
and is not accelerated by temperature. It often tends to disappear at higher cutting speeds [83]. 
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Diffusion wear 
Diffusion wear occurs when atoms of the cutting tool material diffuse into the underside of the 
chip or atoms of the work material may diffuse into, and react with, surface layers of the tool 
to alter its microstructure and hence strength. The rate of this wear mechanism depends on the 
tool-work material combination, their solubility, temperature, pressure and time. Increasing the 
hardness of the tool material alone without changing the tool-work material will not affect the 
wear rate, as diffusion wear rates are very dependent on the metallurgical relationship between 
the tool and work materials. This is very important when machining materials like titanium 
alloys. Diffusion is very temperature dependent and occurs more rapidly at higher temperatures 
caused by higher cutting speeds; however, this is often masked by plastic deformation. 
Fatigue wear 
Fatigue wear is caused by cyclic either mechanical or thermal loads on the tool and is especially 
important in interrupted cutting operations such as milling where the loads and temperatures 
acting on the tool are varied during the rotation of the tool. 
Plastic deformation 
Plastic deformation, which is not strictly a wear process as no material is removed from the 
tool, occurs due to high temperatures and stresses occurring on the cutting edge. Deformation 
usually starts at the tool nose leading to rounding of the cutting edge, which in turn causes high 
cutting temperatures and stresses. This type of wear mechanism is common with high cutting 
speeds and high feed rates giving rise to high cutting temperatures or when machining hard 
materials. To withstand plastic deformation of the cutting tool, tool materials with high hot 
hardness have to be used. 
Crater wear 
Crater wear mostly commonly occurs along the face of the cutting insert and is a diffusion wear 
that is accentuated by the high temperatures generated at the tool chip interface and is 
controlled by the chemical affinity of the workpiece and tool materials. The size and shape of 
the resulting crater can have a substantial influence on the cutting condition by altering the 
effective rake angle of the insert as shown in Figure 2-22 [92, 93]. Crater wear is often 
measured using optical profilometry or atomic force microscopy.  
 
 
 
 
 
43 
 
Chapter Two: Background 
 
Flank wear 
Flank wear is an abrasive wear mechanism caused by the insert rubbing against the machining 
surface resulting in a change in tool geometry as shown in Figure 2-22 [92]. Most industrial 
applications utilize the maximum dimension of flank wear as the main determining indicator 
for tool replacement since it has a direct influence on the workpiece’s surface finish [94]. 
Therefore, a machinist would set a safe limit parameter for (VB), which is commonly 250 μm 
average and 500 μm maximum for carbide cutting tools. 
Build up edge 
A build up edge is a formation ahead of the tool and can create an integral interface between 
the workpiece and the tool, often serving as a protective barrier to flank and crater wear. The 
size and shape of the BUE can also alter the shape of the leading edge thus changing the 
effective rake angle [95]. An unstable BUE can lead to irregular wear of the cutting edges that 
generates poor surface finish when fragments of BUE are dragged under the leading edge of 
the tool [96]. 
 
Figure 2-22 Cross section schematic of worn cutting tool showing the effect of crater wear on the tool rake 
angle and flank wear b) Schematic illustrating the regions of tool wear on the rake, flank and nose of the 
cutting insert [74]. 
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Tool wear and wear mechanisms during machining of titanium alloys 
Poor machinability characteristics of titanium alloys subject the cutting tool to high mechanical 
and thermal stresses during machining. This often leads to accelerated tool wear due to various 
wear mechanisms such as adhesion, abrasion, chipping, plastic deformation and diffusion. 
Titanium alloys are usually machined with carbide tools, cubic boron nitride (CBN) tools or 
polycrystalline diamond (PCD) tools. These different tool materials have different properties 
and wear characteristics (Figure 2-23). Among these different tool materials, carbide tools are 
widely preferred in machining of titanium alloys due to cost-effectiveness and high 
performance.  
Carbide cutting tools are used in both uncoated and coated conditions in machining titanium 
alloys. However, coated carbide tools are used widely due to the demands of high speed 
machining and high productivity of titanium alloys. Machining at higher speed conditions tends 
to generate higher temperatures close to the tool nose resulting in excessive stresses at the tool 
nose causing plastic deformation and subsequent tool failure [80]. The coating on the cutting 
tool provides a good thermal barrier for the tool and also lowers the co-efficient of friction thus 
lowering the cutting forces generated when machining titanium alloys The use of uncoated 
carbide tools on the other hand is limited to low speed applications. Titanium alloys are usually 
machined with uncoated straight grade cemented carbide (WC-Co) tool at higher cutting speeds 
in excess of 45 m/min [97]. 
CBN tools are widely used for finish machining applications of titanium alloys. These tools 
have good thermal stability, high strength, hardness and good thermal conductivity. These tools 
are costly as compared to carbide tools and the performance of these tools are affected by CBN 
content, microstructure of binder phase and manufacturing process [81, 98]. 
PCD cutting tools have been shown to have superior performance in machining of titanium 
alloys. Besides, PCD tools are extremely costly and preferred less in machining titanium alloys. 
Moreover, the abrasion wear resistance and hot hardness of this cutting tool is relatively high 
as compared to other cutting tool materials. 
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Figure 2-23 a) Hot hardness [99] and b) wear related properties of some cutting tools [100]. 
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Tool wear and the wear mechanisms operating in cutting tools during machining of titanium 
alloys are adversely affected by the particular characteristics of titanium alloys. Firstly, high 
chemical reactivity of titanium alloys, the tendency of titanium alloys to react with all cutting 
tool materials causing welding of chip to the tool, leads to cratering and premature tool failure. 
Secondly, titanium alloy’s poor thermal conductivity prevents dissipation of heat from the 
cutting edge leading to high tool tip temperature and excessive deformation and wear of the 
cutting tool. Thirdly, the very small chip tool contact area and consequent large stress 
concentration during machining leads to premature cutting tool failure. In addition, the low 
modulus of elasticity of titanium alloys and consequent chatter problems lead to premature 
flank wear. Finally, the dynamic stresses acting on the tool caused by formation of serrated 
teeth over the entire cutting speed range also have associated effects in high tool wear of 
titanium alloys [24, 25, 76-78, 82, 98, 101-103]. 
During machining of titanium alloys, attrition, adhesion, diffusion and plastic deformation 
were found to be the major wear mechanisms during machining of titanium alloys as shown in 
Figure 2-24 [78, 80, 97, 104-109]. Build up edge and work material adhesion is often found to 
occur predominantly in the cutting tool edge leading to diffusion and plastic deformation of the 
cutting tool, thereby accelerating the tool wear mechanisms. Bordin et al. [39] found that the 
adhesion wear mechanism was dominant during machining of EBM titanium alloys due to their 
high hardness characteristics. However, there is no available research on the tool wear 
mechanisms during machining of SLM fabricated titanium alloys. 
Overall, tool wear and wear mechanisms operating during machining of titanium alloys is 
strongly influenced by the material characteristics of titanium alloys. Improving the knowledge 
of tool wear mechanisms during machining of SLM fabricated titanium alloys can help in 
designing better cutting tools and improving machinability.  
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Figure 2-24 Images illustrating various tool wear mechanisms such as adhesion (a,b,g), abrasion (b), 
chipping (e), fracture (c,f), attrition (i,e), and plastic deformation (h), during machining of titanium alloys 
[97, 105, 106]. 
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2.3.5 Surface integrity of machined components 
Titanium alloys represent a significant portion of the metallic structural and engine components 
in aircraft. When these critical structural components are manufactured with the objective to 
reach high reliability levels, surface integrity is one of the most relevant parameters for 
evaluating the quality of the components.  
Machining processes induce and affect various surface integrity attributes on the finished parts. 
These can be grouped as: topographic characteristics such as 1) texture, waviness and surface 
roughness, 2) mechanical properties such as residual stresses and hardness, and 3) metallurgical 
states such as microstructure, phase transformation, grain size and shape, inclusions etc., These 
alterations of surface are considered to act on mechanical, thermal, metallurgical, chemical and 
electrical properties [110]. Evaluation of surface integrity is based on a combination of various 
measurements such as surface roughness measurements, optical and scanning electron 
microscopy (for microstructure changes), sub-surface micro hardness tests and X-ray 
diffraction (for residual stresses). 
Surface integrity in machining of titanium alloys 
Surface integrity in machining titanium alloys is highly significant due to its use in critical 
applications in the aerospace, biomedical and automobile industries. Surface integrity of the 
components is often affected during machining by high machining stress, strain, strain rate and 
temperature. Understanding surface integrity in machined components is paramount as it has a 
potential risk in terms of crack initiation, propagation and fatigue failure of end components. 
Previous studies on surface integrity in machining of titanium alloys by various researchers 
illustrated that machining of titanium alloys drastically affects surface roughness and its 
characteristics, microstructure, hardness and residual stresses beneath the machined surface 
[80, 111-118].  
Machined surface roughness of titanium alloys was found to be influenced by the work 
materials and cutting conditions. Initially, Che-Haron [80] observed increasing surface 
roughness with an increase in tool wear and cutting speeds during machining of Ti-6246 α+β 
titanium alloys. They further clarified that  high machined surface roughness occurring during 
machining of titanium alloys is due to an increase in adhesion and welding of work material to 
the cutting tool [115]. On the other hand, Ezugwu et al. [119] explained that high machined 
surface roughness in titanium alloys is due to generation of surface defects resulting from 
material plastic flow, shearing and chip deposition during the machining process.  
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However, the effect of machining on surface roughness of SLM titanium components is still 
unexplored despite the poor surface roughness observed in AM fabricated components. 
Investigations on machined surface roughness of SLM fabricated titanium alloys can help 
understand the machined surface features to improve the knowledge of machinability of SLM 
titanium alloys to enable effective and efficient machining practices. 
Microstructural alterations of the machined sub-surface during machining affects the fatigue 
life of the components. The work material surface is subjected to severe thermal and 
mechanical loads due to high stress, strains, strain rates and temperatures during machining 
[83]. These high mechanical and thermal loads can often lead to microstructural alterations in 
the machined sub-surface, as well as phase transformations and plastic deformation [110]. 
Studies show that a thin layer of plastically deformed material is observed immediately beneath 
the machined surface due to tool wear and microstructural alterations [80, 115]. The depth of 
plastic deformation in the machined sub-surface increased with tool wear and cutting speeds. 
High thermal and mechanical loads during machining can lead to phase transformations in the 
machined sub-surface. However, Sun et al. [118] found no evident phase transformation 
beneath the machined surface. Nevertheless, they observed β phase deformation and volume 
shrinkage as shown in Figure 2-25.Currently microstructural alterations during machining of 
SLM fabricated titanium alloys is less explored and this needs to be investigated to understand 
the machinability of SLM fabricated titanium components. 
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Figure 2-25 Sub-surface microstructure during end milling of Ti-6Al-4V [118]. 
Due to the high deformation and microstructural alterations occurring during machining, the 
hardness in the machined surface and sub-surface increases. This significantly influences the 
machining performance on the subsequent machining pass [110]. The hardness of the surface 
was found to be greater on the surface than in the sub-surface, as the mechanical and thermal 
loads effects are neutralised for the bulk of the materials in the sub-surface region (see Figure 
2-26). Che-Haron et al. [115] found that the microhardness values in the machined surface can 
be as high as ~420 HV as compared to the bulk material hardness (~340 HV) during turning of 
titanium alloys. The hardness values are found to increase with cutting conditions such as 
speed, feed rates and depth of cuts during machining of titanium alloys [80, 110, 115]. 
However, there is no available literature discussing the hardness alterations of SLM fabricated 
titanium alloys. Moreover, the influence of microstructural anisotropy on hardness alterations 
during machining of SLM fabricated titanium alloys is not yet explored. 
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Figure 2-26 Microhardness profiles beneath the machined surface during machining of Ti-6Al-4V at a 
surface speed of 100m/min under dry conditions [115]. 
2.3.6 Chip formation 
Machining is a process of gradual removal of excess material from the workpiece in the form 
of chips. The form of chips is an important index for machining because it directly or indirectly 
indicates: nature and behaviour of work material under machining conditions, specific energy 
requirements in machining and the nature and degree of interaction at the chip-tool interfaces. 
Depending on the work material and cutting conditions, chip formation can be classified into 
four types (see Figure 2-27): 
• Continuous chip formation – for this type, chip formation is continuous and the chip slides 
off along the rake face at a constant speed in a stationary flow. 
• Lamellar chip formation – for this type, chip formation is continuous and periodic. 
However, there are variations in the deformation process that have influence on cleavage 
and shear bands. 
• Segmented chip formation – the type of chip formation in this case is discontinuous with 
connected elements. Significant variations in the degree of deformation is observed in the 
deformation zones. 
• Discontinuous chip formation – for this type of chip formation, the individual elements 
in the chips are broken. This type of chip formation occurs when the plastic ductility of 
the work material is very low. 
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Figure 2-27 Different types of chip formation in metal cutting [120]. 
Chip formation in machining can be either orthogonal or non-orthogonal in nature based on the 
nature of cutting forces and deformation process. In orthogonal cutting, the cutting edge AD 
of the tool rake face ABCD is perpendicular to the direction of 𝑣𝑣 (as shown in Figure 2-28 and 
Figure 2-29) and the chip formed flows with velocity 𝑣𝑣chip, perpendicular to the cutting edge. 
This process is two dimensional and relative motion in orthogonal turning occurs in a plane 
normal to the cutting edge. Therefore, orthogonal cutting conditions are widely used in research 
studies to reduce the complexity to enable efficient analysis of the process by analytical 
methods and numerical calculations. On the other hand, in non-orthogonal cutting (or oblique 
cutting), the cutting edge A*D* is perpendicular neither to 𝑣𝑣 or 𝑣𝑣chip as shown in Figure 2-28. 
The angle between AD and A*D* is called the cutting edge inclination angle (λs).Geometry of 
the non-orthogonal chip formation is more complicated than the orthogonal cutting. Therefore, 
analysing the mechanics of this process is difficult as it is three-dimensional and this 
complicates the experimental and theoretical studies. 
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Figure 2-28 Chip formation in orthogonal and non-orthogonal cutting [75]. 
 
Figure 2-29 Simplified chip formation diagram [74]. 
In the chip formation process, the deformed chip thickness t2 is produced from an undeformed 
layer of thickness t1 (as shown in Figure 2-29) equivalent to the feed rate (f) by the action of a 
cutting tool with the rake angle α. In this process, two new surfaces are produced, the new 
surface of the workpiece OA and that of the chip OC. The main deformation region is situated 
in the zone around line OD near the tool edge. The region where the chip leaves the workpiece 
surface is known as the primary shear zone or primary deformation zone. Hence, for the 
purpose of simple analysis, the chip is assumed to be formed by shear along the shear plane 
OD. A secondary shear zone or secondary deformation zone is observed along the rake face of 
the tool, where a seizure often occurs at the interface between the chip and tool along a contact 
length Lc (OB in Figure 2-29). The secondary shear zone is often neglected in simplified flow 
models, despite the fact that the material will be at its plastic limit in this area. Instead, a sliding 
interaction with Coloumb friction with the average friction co-efficient µ is presupposed along 
the contact length OB. The shear plane OD is inclined at the shear angle ϕ to the cutting 
direction OA. The workpiece material is assumed to be incompressible and there is no side 
spread of the material [74, 75].  
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The volume of material passing e.g. klmn through the shear zone is plastically deformed in to 
a new shape, pqrs, as shown in Figure 2-29. The deformed chip thickness t2 is related to the 
tool rake angle and the shear angle. From the geometry of cut, it can be shown that:  
 𝑂𝑂𝑂𝑂 = 𝑡𝑡1
𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙
= 𝑡𝑡2cos(𝜙𝜙 − 𝛼𝛼) 2-5 
or 
 
𝑡𝑡1
𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙
= 𝑡𝑡2
𝑅𝑅𝑅𝑅𝑠𝑠𝜙𝜙𝑅𝑅𝑅𝑅𝑠𝑠𝛼𝛼 + 𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼 2-6 
Hence, 
 
𝑡𝑡2 = cos (φ− α)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡1 
 
2-7 
Moreover, shear angle can be found from 
 
𝑡𝑡𝑅𝑅𝑠𝑠𝜙𝜙 = 𝑤𝑤𝑅𝑅𝑅𝑅𝑠𝑠𝛼𝛼1 − 𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼 
 
2-8 
Where the value of r, called the chip thickness ratio, is the ratio of undeformed chip thickness 
to the deformed chip thickness r = t1/t2, with r < 1. The chip speed 𝑣𝑣chip can be found from the 
cutting speed 𝑣𝑣 as follows [74]: 
 
𝑉𝑉𝑐𝑐ℎ𝑖𝑖𝑝𝑝 = 𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙cos (𝜙𝜙 − 𝛼𝛼) 𝑣𝑣 
 
2-9 
The nature of chip formation in metal cutting can also be studied using various experimental 
methods. High-speed cameras and quick stop devices are being widely used to study the nature 
and characteristics of deformation in metal cutting. 
High speed cameras and in situ machining tests 
The chip formation is a high-speed process and its real time examinations require special 
equipment such as high-speed cameras. Many researchers to study the dynamics of chip 
formation process effectively use high speed video cameras. However, it is difficult to resolve 
and study the small scale of the cutting region in detail. In addition, the limitations on the speed 
of filming are also a major disadvantage [74, 75]. In some cases, microscopic details of the 
cutting process are more significant than the dynamics information.  
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Quick stop devices 
The quick stop technique is one of the most popular methods to study the nature of the chip 
formation process. In this technique, the cutting process is stopped abruptly by pushing the tool 
apart from the workpiece at a speed significantly higher than the cutting speed. Depending on 
the seizure conditions on the rake face and strength of the chip and tool, the chip can either stay 
attached to the workpiece or to the cutting tool. A schematic view of the quick stop device is 
shown in Figure 2-30. 
In this device, the tool is supported at a pivot point by a shear pin. A mass M is employed to 
strike the tool holder with a speed VM. If the impact force generated is great enough to break 
the shear pin, the mass will then cause the tool holder to swing away from the chip. This leaves 
the partially deformed chips (“frozen chips”) remaining on the workpiece. To ensure high 
velocity VM, the mass M is frequently fired from a gun. The partially deformed chip can then 
be used to study the nature of chip formation. 
 
Figure 2-30 Quick stop device [75]. 
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Chip formation characteristics in machining of titanium alloys 
The mechanism of chip formation when machining titanium alloys was found to be different 
from the continuous chip formation. In machining Ti-6Al-4V, catastrophic shear-failed chips 
or the so-called “sawtooth /segmented” chips were obtained. Two theories have been widely 
used to explain the typical chip formation characteristics of titanium alloys. These include: 
• Thermo-plastic shear mechanism theory. 
• Periodic crack initiation theory. 
 Thermoplastic shear mechanism theory is based on thermal origin. In this theory, “sawtooth” 
chip formation is due to the high temperature and intense shear concentration in the chips [87, 
88, 121-125]. According to Komanduri et al. [124, 125] serrated chip formation in titanium 
alloys is a two stage process. The first stage involves strain localisation along the shear face; 
this shear surface originates from the tool tip and gradually curves upwards until it meets the 
surface, thus forming a concave surface. In the second stage, the gradual advancement of the 
cutting tool initiates crack at the tool tip and gradual flattening increases the contact between 
the tool and material ahead. As a result, the stress concentration increases causing intense shear 
between the segments. Various stages involved in the chip formation of titanium alloys are 
shown in Figure 2-31. The volume fraction, morphology of phases and grain size affect the 
strength, machinability and chip formation characteristics of the materials. It was noted there 
is a possibility of 𝛼𝛼 → 𝛽𝛽 phase change in the microstructure due to the high temperature and 
heavy deformation in the adiabatic shear band [124, 126]. In contrast to Komandurai’s findings, 
a study by Velasquez et al. [127] reported no phase transformations to be occurring in the shear 
band microstructure of machined titanium chips.  
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Figure 2-31 Schematic diagram of various stages involved in chip formation of titanium alloys based on 
adiabatic shear band theory [124]. 
The later theory of periodic crack initiation is widely supported by Vyas and Shaw [128] and 
Nakayama et al. [129]. They maintain that sawtooth chips form because of periodic crack 
initiation at the free surface of the work material ahead of the tool and propagate partway 
towards the cutting tool. According to this theory, a shear crack initiates at point D and runs in 
a downward direction toward from the free surface of the chip to the tool side surface of the 
chip along the path DO. With the tool advancement, the chip glides outward along the cracked 
surface until subsequent crack formation at D`. The reason for the crack formation at point D 
is due to the compressive stresses resulting from the advancing tool. Since point D is on the 
surface, the compressive force along the σmin direction is zero. For a crack arresting force of 
zero, the shear force at D is the maximum, which results in crack initiation. Eventually, the 
crack propagates into the material with the value of the crack arresting force gradually rising. 
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The crack is initially continuous, a gross crack, but it becomes discontinuous because of the 
arresting force, which creates micro cracks. Vyas et al. [128] also found that continuous gross 
cracks and discontinuous micro cracks are involved in “sawtooth” chip formation and the 
material in micro cracked bands undergoes adiabatic shear and phase transformation at high 
cutting speeds. 
 
 
 
Figure 2-32 Mechanism of sawtooth chip formation by periodic crack formation theory [128]. 
In addition to understanding the mechanism of chip formation, the study of the influence of 
microstructure and cutting conditions on chip formation characteristics of titanium alloys is 
needed to explore the nature of chip formation and understand the machinability. Initially, Sun 
et al. [85] found that tendency toward chip segmentation can vary depending on the 
microstructure of titanium alloys. In addition to the microstructural influence of titanium alloys 
on chip formation, it was also found that the volume fraction of phases such as β can have a 
significant role on material deformation during chip formation [130]. Chip formation during 
machining of titanium alloys was found to vary with the cutting conditions employed. Barry et 
al. [121] studied the influence of cutting conditions such as cutting speed on chip formation 
and found that low cutting speeds resulted in cleavage fracture in the primary deformation 
zone, whereas, high cutting speeds resulted in ductile fracture.  
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On the other hand, Shivpuri et al. [131] explained the variation of chip formation from low 
cutting speeds to high cutting speeds as being due to the fracture propagation in the α-β phase 
(low cutting speeds) and β phase field (high cutting speeds). However, there is no literature 
explaining the nature of chip formation of SLM fabricated titanium alloys. Moreover, the 
influence of build orientation on the chip formation nature of SLM Ti-6Al-4V components is 
not yet explored. 
2.4 Summary 
Titanium alloy Ti-6Al-4V is widely used in aerospace, automobile, marine, biomedical and 
other applications due to its superior properties. Conventional manufacturing of these titanium 
components is energy intensive, expensive and this limits the use of titanium alloys. Recent 
developments in SLM, a promising AM technology is revolutionising manufacturing due to its 
freedom of design, low material wastage and low production costs with less energy. Since SLM 
is a new manufacturing technology, it is of great industrial and academic interest to gain a 
better understanding of the material and machinability characteristics of the SLM fabricated 
Ti-6Al-4V alloy to ensure high productivity and superior product quality. In addition, detailed 
investigations on the chip formation characteristics to understand the nature of machining of 
SLM fabricated Ti-6Al-4V are required. 
From the detailed review in section 2.1, the roles of microstructural features and conventional 
manufacturing processes in influencing the microstructure, mechanical properties and plastic 
deformation was explored. This section also discussed titanium alloys and their various 
applications in different industries. Processing-microstructural relationships reviewed in this 
section were paramount in understanding the microstructure and material characteristics of 
SLM fabricated Ti-6Al-4V that will be used for the work in this thesis. 
The review of AM technologies and the previous research work on AM technology provided a 
systematic understanding of AM, its technological advancement and its advantageous features 
as compared to conventional manufacturing processes (2.2). In addition, the promising 
technologies in AM such as SLM and the significance of machining of AM components for 
high productivity and product quality was discussed. Finally, the previous research work in the 
fields of AM and SLM were reviewed to underpin the design of this current research for further 
development of SLM technology to be applied in the field of manufacturing. 
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In section 2.3, machining and various theories are described. In addition, machinability of 
conventionally manufactured titanium alloys, Ti-6Al-4V, and the effect of various cutting 
conditions on machining of these alloys were discussed in a detailed manner.  
Various machinability assessment criteria such as cutting forces, tool wear and surface integrity 
were studied in detail. Furthermore, chip formation theories explaining the nature and 
mechanism of chip formation were reviewed. 
Overall, from the literature survey of titanium alloys, AM and machining and machinability, it 
was found that material characteristics, machinability and chip formation of SLM fabricated 
Ti-6Al-4V alloy is still largely unexplored. Understanding the material characteristics and 
machining behaviour of SLM fabricated Ti-6Al-4V alloy will help in designing better 
manufacturing routes in industries to ensure high productivity and superior product quality. 
In summary, the research gaps concerning the manufacturing of Ti-6Al-4V components from 
SLM technology include: 
• Lack of understanding of the material and machinability characteristics of SLM fabricated 
Ti-6Al-4V in comparison to conventionally produced wrought Ti-6Al-4V. In addition, the 
influence of heat treatment on the material and machinability characteristics needs an 
understanding. 
• There is a knowledge gap in understanding the chip formation characteristics of SLM 
fabricated Ti-6Al-4V titanium alloys. 
• Furthermore, the influence of build orientation and microstructural anisotropy on 
machinability characteristics of SLM fabricated Ti-6Al-4V titanium alloy, has not yet been 
explored and is important in understanding how the alloy will perform in different 
machining conditions. 
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3 Experimental procedure 
Based on the detailed literature review and the identification of knowledge gaps in the field of 
AM (specifically SLM) of titanium alloy (Ti-6Al-4V), this work is undertaken to study the 
nature of material, machinability and chip formation characteristics of SLM fabricated Ti-6Al-
4V alloy. To fulfil the thesis objective, the experimental procedures detailed in this chapter are 
followed. Broadly, the experimental procedures include: 
• Microstructural and mechanical properties investigation of tested materials (SLM and 
wrought Ti-6Al-4V) through metallographic examination, tensile tests and SEM imaging. 
• Machinability assessment of the tested materials; this includes analysis of tool wear, cutting 
force and surface integrity including evaluation of machined surface roughness and 
machined sub-surface microstructural alterations. 
• Study of chip formation characteristics of SLM fabricated Ti-6Al-4V using optical 
microscope, SEM, “quick stop” device and microhardness testing. 
• Investigation of influence of build orientation and microstructural anisotropy on 
machinability of SLM fabricated Ti-6Al-4V by performing orthogonal cutting tests. 
This will provide insights in to the nature of material and machinability characteristics of Ti-
6Al-4V components fabricated from SLM technology, which in turn will help in designing a 
better manufacturing route to produce high quality components. 
3.1 Microstructure and mechanical properties of selective laser melted Ti-6Al-
4V 
Tensile samples were fabricated in a SLM 125 HL machine (SLM Solutions Group AG) 
equipped with an Ytterbium fibre laser with maximum laser power of 200 W in an inert gas 
(argon) atmosphere. The process parameters used in fabricating the sample are shown in Table 
3-1. Process parameters used in SLM technology can alter the microstructural features and 
mechanical characteristics of the fabricated components [56, 132]. Since this research is aimed 
at studying, the material characteristics of SLM fabricated Ti-6Al-4V alloy, a standard set of 
optimised process parameters are used to fabricate the titanium components as recommended 
by SLM Solutions group AG. The Ti-6Al-4V samples in the “as built” condition fabricated 
from SLM technology are referred to as “SLM Ti-6Al-4V (A.B)” throughout the thesis. After 
the fabrication process, the samples were cut from the build substrate using a wire-EDM 
machine. 
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A set of SLM Ti-6Al-4V samples were heat treated to relieve the internal residual and thermal 
stresses resulting from the SLM fabrication process. The heat treated SLM Ti-6Al-4V samples 
are referred to “SLM Ti-6Al-4V (H.T)” throughout the thesis. The samples were heated to 730o 
C for 2 hrs followed by furnace cooling. This heat treatment cycle was used to: 
• Relieve the internal residual stresses in SLM Ti-6Al-4V components due to the nature of 
fabrication of SLM Ti-6Al-4V sample. 
• Convert α’ phase in fabricated SLM Ti-6Al-4V to α and β equilibrium phases. 
Table 3-1 SLM process parameters used to fabricate SLM Ti-6Al-4V components. 
Scan Strategy Multi directional meander scan 
strategy 
Laser power (W) 100 
Laser spot diameter (mm) 0.2 
Scanning velocity (mm/s) 700 
Hatch spacing (µm) 75 
Layer thickness (µm) 30 
Conventionally produced Ti-6Al-4V is referred as “wrought Ti-6Al-4V” in the next sections 
of this thesis. Wrought Ti-6Al-4V was from Timet, France and it was received in a cylindrical 
rod form in rolled condition with a post mill-annealing heat treatment at 730 oC followed by 
air cooling. The chemical composition of the work materials used in this research are shown in 
Table 3-2. 
Table 3-2 Chemical composition of the work materials. 
Materials 
Chemical composition (%) 
Al V Fe C O N H Ti 
Wrought Ti-6Al-4V 6.85 4.37 0.170 0.08 0.20 0.03 - Bal 
SLM Ti-6Al-4V (A.B/H.T) 6.82 4.20 0.325 0.08 0.34 0.05 0.015 Bal 
 
For the microstructural examination, samples were cut using silicon carbide cutting blades with 
an ample amount of water-based coolant. After cutting, the samples were mounted using a 
Citropress mounting machine. The mounted samples were then mechanically polished by 220, 
400, 600, 800 and finally 1200 silicon carbide grit paper. 
63 
 
Chapter Three: Experimental procedure 
 
Later, the samples were polished on a MD-Largo surface with DiaPro Allegro 9 µm suspension 
solution. Then polishing was carried out using MD-Chem surface with OP-S solution as a 
suspension. Finally, Kroll’s reagent consisting of 3ml of HF, 6ml of HNO3 and 100 ml of 
distilled water was used to etch the samples. 
Flat tensile samples of gauge length = 20 mm, width = 6 mm and thickness = 3 mm were cut 
using an EDM machine. The tensile samples were later polished to avoid surface irregularities. 
At least three tensile tests were carried out for each material to ensure consistency in the results. 
All the tensile tests were carried out at a cross speed of 4 mm/min using an Instron 5586 servo 
hydraulic machine. 
Vicker’s hardness test was performed on the mounted samples using a load of 200 kgf and 
dwell time of 15 seconds to estimate the micro hardness of the work materials used in this 
research. Hardness tests were replicated and the mean value of hardness readings are reported 
in this research to ensure accuracy. 
3.2 Machinability study of selective laser melted Ti-6Al-4V 
To compare the machinability characteristics of Ti-6Al-4V alloys prepared in different ways, 
machining tests were carried on wrought Ti-6Al-4V and SLM Ti-6Al-4V (A.B/H.T). The 
microstructural and mechanical characteristics of the work materials in this section are 
discussed in a detailed manner in the previous chapter. All of the work materials were prepared 
for testing in the form of a hollow cylinder (as shown in Figure 3-1). One SLM fabricated 
hollow cylinder was used in the “as built” condition and the other fabricated sample was heat 
treated in a vacuum furnace for 730oC for 2 hours followed by furnace cooling. 
 
Figure 3-1 Hollow cylinder fabricated using selective laser melting technology, b) Dimensions of the 
fabricated hollow cylinder, front and top view. 
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A face turning test was used to characterize the machinability of the tested materials. The face 
turning tests were performed on a Nakamura-Tome AS-200 supplied by Nakamura Precision 
Industries. Co. Ltd (see Figure 3-2 for the experimental set up) using a double sided 55o 
rhombic insert with positive rake angle (Approach angle 93o) supplied by Iscar. The tool was 
PVD coated with a TiAlN+TiN coating layer on the tungsten carbide (W, C) substrate. 
Machining tests were carried out at different cutting speeds (Vc) with constant feed rate (f) and 
depth of cut (d). The machining tests were carried out on from the top face of the fabricated 
cylinder with height reductions after each machining pass. The details of the machining set up 
and machining trails are shown in Figure 3-2 and Table 3-3.  
 
Figure 3-2 Experimental setup for face turning operation. 
Table 3-3 Details of the machining test. 
Cutting conditions** 
Number of machining passes 
Wrought  
Ti-6Al-4V 
SLM Ti-6Al-4V 
(A.B) 
SLM Ti-6Al-4V 
(H.T) 
Vc=60 m/min  18 18 18 
Vc=120 m/min 9 9 9 
Vc=180  m/min 18 2* 2* 
*Tests have been stopped due to a sudden increase in cutting forces as a result of rapid tool 
wear. 
** All tests were performed at a constant feed rate, f=0.1 mm/rev and depth of cut, d=0.5 mm. 
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The cutting forces during machining were measured using a Kistler 9119AA2 dynamometer 
connected to a Kistler 5070 multichannel charge amplifier. Readings were data logged on a 
computer using “Dynoware” cutting force software. The average mean cutting forces from 
cutting tests were then used to plot cutting forces versus number of machining passes for 
different cutting speeds (see Figures 4-19, 4-20, 4-21 and 4-22). More details on cutting force 
acquisition during machining are detailed in the Appendix section.   
Tool wear on the flank face was measured using an optical microscope with “Fiji” imager 
analysis software. Wear mechanisms on the cutting tool were characterized using features on 
the worn surfaces. Images obtained using a scanning electron microscope equipped with 
qualitative and quantitative elemental analysis with EDS.  
Surface roughness was measured using an Alicona 3D optical surface profilometer. Three Ra 
readings were taken at different locations on the machined work material surface and the mean 
of these values obtained (see Figure 4-23). Sub-surface samples of the machined surface were 
collected, ground, polished and etched following the metallographic procedures for titanium 
alloys to study the machining-induced microstructural alterations as described in section 3.1 
[133]. After numerous attempts at metallographic preparation, optical and SEM observation, 
the microstructure of SLM Ti-6Al-4V in the “as built” conditions was not clear, possibly due 
to the resistance of α’ grains to etching and the relatively small size of α’ grains. The best 
images that could be obtained are used in this thesis. 
3.3 Chip formation in machining selective laser melted Ti-6Al-4V 
Machining trials 
Turning trials were carried on the wrought Ti-6Al-4V, SLM Ti-6Al-4V (A.B) and SLM Ti-
6Al-4V (H.T) in a Hafco metal master lathe to study the chip morphology and chip formation 
characteristics. The machined chips obtained after turning trails were carefully preserved for 
further investigations. An explosive quick stop device was employed in the lathe to obtain the 
partially deformed or so called “frozen chip” samples. The quick stop device used in this 
research is described in the next section. The experiments using the quick stop device were 
performed on the work materials at Vc = 60 m/min, f = 0.1 mm/rev and d = 0.5 mm. The frozen 
chip samples during machining of SLM Ti-6Al-4V (“as built”) samples were extremely 
difficult to collect due to the complications occurring during sectioning and preserving of the 
samples. Due to the brittle characteristics, the frozen chip samples of SLM Ti-6Al-4V (“as 
built”) tends to break during sectioning and mounting of the sample.  
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Hence the frozen chip samples were able to be collected and analysed quantitatively only for 
wrought and SLM Ti-6Al-4V (“after heat treatment”) conditions. 
Turning trials were carried out using a tungsten carbide tool with a TiAlN+TiN coating layer 
as supplied by Iscar. All cutting tests were carried out under dry cutting conditions to analyse 
the chip formation of the materials in their natural state. Turning tests were carried out at a Vc 
= 60 m/min, f = 0.1 mm/rev and d = 1 mm. 
Hardness test was performed on the mounted chip samples using diamond indenter (Vicker’s) 
with a load of 150 kgf and dwell time of 15 seconds. Hardness indentations were performed at 
larger intervals to ensure accuracy of the reading. 
Description of quick stop device 
The quick stop device is commonly used to study the nature of chip formation in machining. 
The quick stop device used in this work comprises a bolt gun, shear pin, pivoting rod and tool 
holder as shown in Figure 3-3. During the turning process, the bolt gun was fired to break the 
strong and brittle shear pin to move the tool away from the workpiece in a very short time, 
thereby abruptly stopping the machining process. The partially deformed chip sticking to the 
work material was carefully cut using a wire - EDM machine. Previous studies using quick 
stop devices to obtain partially deformed chips have shown that, this explosive device is very 
reliable for collecting the “frozen chip” or partially deformed chip samples [134].  
 
  
Figure 3-3 Experimental setup of the quick stop device. 
Bolt gun 
Work material 
Cutting tool 
Shear pin 
Pivoting rod 
Cutting direction 
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3.4 Build orientation on machinability of selective laser melted Ti-6Al-4V 
The samples required for the orthogonal cutting tests were fabricated using three different build 
strategies (see Figure 3-4) in the SLM machine using optimised process parameters (see Table 
3-1). The wrought sample was cut parallel to the rolling direction. All SLM Ti-6Al-4V samples 
were fabricated in an argon protective atmosphere. After fabrication, the samples were 
carefully cut from the build substrate of the SLM machine using a wire-EDM machine. The 
samples were then carefully polished using silicon carbide paper of grit sizes 220, 400 and 600 
for orthogonal cutting experiments. 
Slow orthogonal cutting tests were performed on the SLM Ti-6Al-4V with different build 
orientations in a Spinner U-620 5-axis vertical machining centre. SLM Ti-6Al-4V fabricated 
samples were fitted firmly on the Kistler dynamometer (9257B) that was bolted to the milling 
machine bed. For this study, a specially designed cutting tool was used to carry out the 
orthogonally cutting process on the work material. The geometric dimensions of the tool used 
for these experiments and the experimental details are shown in Figure 3-5. Orthogonal cutting 
tests were carried out at constant cutting speed Vc = 1 mm/sec, uncut chip thickness = 0.05 mm 
and width of cut =1 mm. During orthogonal machining of these materials, the cutting forces 
were monitored using the Kistler dynamometer. The obtained chips and machined surface after 
orthogonal machining trials were studied using an optical microscope. 
 
 
Figure 3-4 Three different samples fabricated using different build strategies. 
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Figure 3-5 a) Cutting tool used for orthogonal cutting operation, b and c) Illustration of orthogonal 
cutting in SLM Ti-6Al-4V. 
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4 Results 
4.1 Microstructure and mechanical properties of selective laser melted Ti-6Al-
4V 
4.1.1 Introduction 
Microstructure and mechanical properties of titanium alloys have a significant influence on the 
service life of titanium end components. Conventionally manufactured wrought/forged 
titanium products are shown to have superior properties like high strength and ductility, 
ensuring high quality end components.  However, recent developments in AM and SLM require 
significant testing of the material characteristics fabricated from these new manufacturing 
technologies, in order to ensure high product quality and superior performance. Heat treatment 
of SLM Ti-6Al-4V components is inevitable, as the internal residual stresses in the components 
need to be relieved. Therefore, it is paramount to understand the microstructural features and 
the mechanical properties of SLM fabricated Ti-6Al-4V in both “as built” and “heat treated” 
condition. It is important to understand the influence of heat treatment on SLM Ti-6Al-4V 
components to ensure high quality and superior components. The primary reason for 
undertaking the work described in this chapter is to understand material characteristics of Ti-
6Al-4V components produced from SLM technology as material properties play a significant 
role in influencing the machinability and chip formation characteristics. 
Therefore, in this chapter the microstructure, tensile properties and hardness of Ti-6Al-4V 
components fabricated from SLM technology are studied in SLM Ti-6Al-4V (A.B) and SLM 
Ti-6Al-4V (H.T) conditions. SLM offers advantages over other AM technologies due to its 
high level of resolution and accuracy and superior surface finish (as discussed in section 2.2), 
however, the material properties and the service life of the components should at least be 
comparable to conventionally produced wrought Ti-6Al-4V for it to be adopted widely. 
Therefore, the material characteristics of SLM fabricated Ti-6Al-4V are compared with 
conventionally produced wrought Ti-6Al-4V to study the influence of selective melting 
technology on material characteristics.   
The material characteristics results from this chapter are also used to explain how the material 
characteristics of these differently processed Ti-6Al-4V components (conventional and SLM 
technology) affects the nature of machinability and chip formation characteristics in the next 
chapter. 
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4.1.2 Microstructure 
Microstructures were examined to understand the microstructural features and their 
morphology in Ti-6Al-4V fabricated from different processing routes. Microstructures of the 
wrought Ti-6Al-4V, SLM Ti-6Al-4V (A.B) and SLM Ti-6Al-4V (H.T) were captured using an 
optical microscope (Figure 4-1). The microstructure of the wrought Ti-6Al-4V rod consisted 
of a largely equiaxed microstructure with α grains and β grains. The β grains were located at α 
grain boundary. The size of α grains was approximately 18±8 µm. This equiaxed 
microstructure is typical in mill-annealed titanium alloy. In this type of microstructure, the size 
of the equiaxed α grains plays a paramount role in the deformation nature and the material 
characteristics [1, 2, 18] (more details are discussed in section 2.1).  
The “as built” SLM Ti-6Al-4V consisted of a fully acicular martensitic microstructure. Prior β 
grain boundaries can clearly be seen to be oriented in the direction of building (see Figure 
4-1b)). Martensitic laths originated from the prior β grain boundaries and filled the columnar 
grains with fine acicular α’ grains. This martensitic microstructure is attributed to the rapid 
cooling involved in the SLM fabrication process. Robert et al.[72] found that during the SLM 
process, layers can cool down very rapidly in the orders of thousands of degrees per second. 
Fast cooling rates such as this can transform α+β alloy into a martensitic α’ microstructure [18, 
20] (further described in section 2.1). 
The microstructure of the SLM Ti-6Al-4V after heat treatment consisted of a fully lamellar 
α+β microstructure (Figure 4-1 c). The major difference with the lamellar microstructure 
typical of conventionally made titanium alloy is that the SLM Ti-6Al-4V features distinctive 
elongated prior β grain boundaries due to the temperature differences in the building direction. 
The size of α grains was coarser (α lath width= 1.52 ± 0.238 µm) in this case as compared to 
the “as built” Ti-6Al-4V (α’ lath width = 0.689 ± 0.245 µm). Figure 4-2 clearly indicates the 
difference in α’ (or α) lath morphology in SLM Ti-6Al-4V (A.B) and SLM Ti-6Al-4V (H.T) 
samples. Similarly, Simonelli [23] found that the α’ grains in “as built” SLM Ti-6Al-4V can 
nearly grow twice in the width during stress relieving heat treatment due to grain recovery. 
Overall, the applied post heat treatment in this research has decomposed the martensitic phase 
to a mixture of α +β Ti-6Al-4V with lamellar microstructure. 
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Figure 4-1 Microstructure of a) Mill-annealed wrought Ti-6Al-4V, b) SLM Ti-6Al-4V in the “as built” 
condition (A.B), c) SLM Ti-6Al-4V after “heat treatment” (H.T). 
 
 
Figure 4-2 Higher magnification images of the microstructure of a) SLM Ti-6Al-4V (A.B) and b) SLM Ti-
6Al-4V (H.T). 
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4.1.3 Tensile properties  
Significant differences were observed between the stress-strain curves of the three tested 
materials (Figure 4-3).All of the tensile samples failed after significant amount of necking in 
the gauge length. SLM Ti-6Al-4V (A.B) required the highest stresses for the onset of plastic 
deformation followed by SLM Ti-6Al-4V (H.T) samples and wrought Ti-6Al-4V samples. 
Despite the differences in microstructural features, there was no significant difference in elastic 
deformation characteristics of these materials. 
 
 
Figure 4-3 Stress-strain curves of the tested materials in perpendicular to the built direction. 
These differences are summarised in Figure 4-4. The yield and tensile strength obtained in 
SLM fabricated Ti-6Al-4V alloy was compared with the conventionally produced wrought Ti-
6Al-4V. SLM Ti-6Al-4V (A.B) and SLM Ti-6Al-4V (H.T) samples exhibited about 9% and 
2% higher yield strength and 13% and 5% higher tensile strength respectively as compared to 
conventionally produced wrought Ti-6Al-4V. However, SLM fabricated Ti-6Al-4V alloy in 
both “as built” and “heat treated” condition exhibited significantly lower ductility (~88% and 
79% respectively) as compared to conventionally produced wrought Ti-6Al-4V. This 
difference can be attributed due to the differences in microstructure and the nature of the 
fabrication process.  
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SLM Ti-6Al-4V in its “as built” condition had higher strength as compared to the heat treated 
SLM Ti-6Al-4V. The higher strength of “as built” SLM Ti-6Al-4V is due to the presence of 
martensitic α’ phase in its microstructure [15, 33, 70]. Murr et al. [15] found that martensitic 
regimes (α’) in SLM titanium alloys can increase the hardness and strength by about 61 % and 
54 % respectively compared to the conventionally produced wrought Ti-6Al-4V.  
Consequently, the martensitic SLM Ti-6Al-4V (A.B) exhibited higher yield strength and 
tensile strength than the other materials. The applied heat treatment led to 1) phase 
transformation of α’ in to α and β, and 2) increased the grain size in the SLM heat treated 
titanium microstructure (see Figure 4-2), thereby varying the phase composition and grain 
morphologies as compared to “as built” titanium samples.  
Nevertheless, SLM Ti-6Al-4V (in both “as built” and “heat treated”) samples had significantly 
lower ductility (~88 % and 79 % lower) as compared to the conventionally produced wrought 
titanium alloy (Figure 4-4). Wrought Ti-6Al-4V has a larger α-grain size(~18 µm) as compared 
to the SLM samples (~ 0.689 µm in (A.B) and ~ 1.52 µm in (H.T)  and this results in increased 
ductility [1, 2]. The SLM Ti-6Al-4V in its “as built” condition has fine laths of α’ phase where 
the plastic deformation is significantly reduced by the effective slip length due to its small grain 
size [19, 23, 68]. 
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Figure 4-4 Mechanical properties of the tested work materials. 
4.1.4 Microhardness 
Vickers microhardness indentations were performed on wrought and SLM fabricated Ti-6Al-
4V to study the hardness variations in these materials as shown in Figure 4-5. The hardness 
test results were used to understand the SLM processing and resulting microstructural features 
such as presence of α and β phases, which contributes to their resistance to plastic deformation 
of the materials. In titanium alloys, α is the harder phase and β is the soft phase [2]. Ten 
indentations were made with precision in each material at an indentation spacing of 100 µm in 
the samples mounted in a Bakelite. The mean value of microhardness is measured and reported 
in Figure 4-6. Significant variation in microhardness was observed for wrought and SLM 
materials. SLM Ti-6Al-4V (A.B) (438 HV±18) and SLM Ti-6Al-4V (H.T) (392 HV ±12) 
samples exhibited 33% and 22% higher hardness compared to the conventionally produced 
wrought Ti-6Al-4V samples (327 HV±8). In SLM Ti-6Al-4V (A.B) samples, the presence of 
α’ martensite phase dominates, and this contributes to its high hardness values compared to 
SLM Ti-6Al-4V (H.T) and wrought Ti-6Al-4V samples with equilibrium mixture of α and β 
phase. Murr et al.[15] observed a similar increase in hardness of SLM Ti-6Al-4V (A.B) 
samples compared to wrought titanium alloys.  
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This significant difference in hardness of the tested materials indicates how SLM processing 
can influence the material’s plastic deformation resistance. The hardness variations can 
significantly influence the shear deformation resistance during machining of titanium alloys, 
affecting the machinability and chip formation characteristics. Further information on how 
these properties affect the machinability and chip formation characteristics are described in 
forthcoming chapters.  
 
 
Figure 4-5 Microhardness indentations on a) wrought Ti-6Al-4V, b) SLM Ti-6Al-4V (A.B) and c) SLM 
Ti-6Al-4V (H.T). 
10 µm 10 µm 
10 µm 
a) b) 
c) 
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 Figure 4-6 Microhardness variations of the tested materials. 
4.1.5 Fractured features of tensile samples 
The fractured surfaces of the tensile samples were examined to understand the nature of tensile 
fracture failure and plastic deformation during tensile loading of Ti-6Al-4V fabricated from 
different processing routes. Fracture surfaces of the tensile samples of wrought Ti-6Al-4V are 
shown in Figures 4-7 and 4-8. The wrought Ti-6Al-4V tensile sample showed the classic 
appearance of deep dimples revealing the ductile nature of the material. The higher 
magnification image (Figure 4-8) of the fractured surface of wrought tensile sample reveals 
voids illustrating that the dimpled structure on the fractured surface is due to void nucleation, 
growth and coalescence [135]. This is expected in a material with the high level of plastic 
deformation observed during tensile loading of the wrought Ti-6Al-4V samples. 
On the other hand, the SLM fabricated tensile samples (both “as built” and “heat treated” 
samples) revealed small terrace like features in the fractured area with significant step heights 
as compared to other areas (Figures 4-9 and 4-11). Higher magnification images (Figures 4-10 
and 4-12) of the fractured surface of SLM Ti-6Al-4V (A.B) and SLM Ti-6Al-4V (H.T) samples 
indicate shallow dimples and cleavage facets. These cleavage facets are indicative of brittleness 
in the fractured regions. The terrace like features and the shallow dimples on the fractured 
surface are similar to the features observed on the fractured surfaces of other high strength 
metal alloys under tensile loading [135]. Overall, the fractured surface of SLM Ti-6Al-4V 
samples indicated brittle fracture of the tensile samples. 
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Figure 4-7 SEM image of the fractured surface of a wrought Ti-6Al-4V tensile sample exhibiting deep 
dimples. 
 
Figure 4-8 Higher magnification image of the fractured surface of wrought Ti-6Al-4V tensile sample 
illustrating voids and deep dimples. 
 
Dimples 
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Figure 4-9 SEM image of the fractured surface of SLM Ti-6Al-4V (A.B) tensile sample illustrating 
shallow dimples and cleavage. 
 
Figure 4-10 Higher magnification image of the fractured surface of SLM Ti-6Al-4V (A.B) tensile sample 
illustrating the presence of cleavage facets. 
Cleavage facets 
Terrace like structure 
Cleavage facets 
Shallow dimples 
Shallow dimples 
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Figure 4-11 SEM image of the fractured surface of SLM Ti-6Al-4V (H.T) tensile sample illustrating 
terrace like features with rough surface. 
 
Figure 4-12 Higher magnification image of the fractured surface of SLM Ti-6Al-4V (H.T) tensile sample 
illustrating shallow dimples and cleavage facets. 
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4.1.6 Summary 
Overall, from the investigations of the microstructure and mechanical characteristics of 
wrought and SLM fabricated Ti-6Al-4V; the following conclusions can be made: 
• Wrought Ti-6Al-4V consisted of an equiaxed microstructure of α and β phases. On the 
other hand, SLM Ti-6Al-4V in “as built” condition consisted of a martensitic 
microstructure with very fine α’ laths. Applied heat treatment resulted in conversion of 
acicular α’ martensite in SLM Ti-6Al-4V in to a coarse lamellar microstructure with a 
mixture of α and β.  
• SLM Ti-6Al-4V in both its “as built” and “heat treated” condition had higher yield strength 
(~9% and 2% higher), tensile strength (~13% and 5% higher) and hardness (~33% and 22% 
higher) compared to conventionally produced wrought Ti-6Al-4V. On the other hand, poor 
ductility of SLM Ti-6Al-4V (88% and 79% lower) as compared to wrought Ti-6Al-4V 
continues to be a major issue in AM technology. 
• Fractured surfaces of SLM tensile sample (in both “as built” and “heat treated” condition) 
consisted of shallow dimples and cleavage facets illustrating the brittle nature of fabricated 
components. The fracture surface of the wrought Ti-6Al-4V consists of deep dimples 
illustrating its ductile behaviour. 
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4.2 Machinability study of selective laser melted Ti-6Al-4V 
4.2.1 Introduction 
Machinability studies of materials are important to optimize cutting conditions, to design 
cutting tools and to improve productivity and product quality. Numerous studies [12, 13, 15, 
33, 56, 57, 65, 68, 69, 71, 136, 137] in Additive Manufacturing (AM) are related to either 
process optimization or mechanical properties of the fabricated components. There are very 
few literature sources discussing the machinability of AM (or specifically SLM) fabricated 
titanium alloys (Ti-6Al-4V) [39, 41, 138, 139]. Although some papers discussing the 
machinability characteristics of EBM fabricated Ti-6Al-4V [39, 41] are available, these 
findings cannot be directly applied to the machinability of SLM fabricated components. This 
is significant because the microstructural and mechanical characteristics of SLM Ti-6Al-4V 
and EBM Ti-6Al-4V are different. SLM Ti-6Al-4V consists of a martensitic α’ phase whereas 
EBM Ti-6Al-4V consists of an equilibrium mixture of α+β phases. It is expected that this 
difference will result in different machinability 
The research study in this section was undertaken to study the machinability characteristics of 
SLM Ti-6Al-4V (A.B/H.T) materials. This was designed to grow understanding of the 
machinability in the as built material as well as explore the effect of heat treatment on 
machinability of SLM materials. The machinability results of the SLM Ti-6Al-4V materials 
are also compared with conventionally produced wrought Ti-6Al-4V to understand the 
influence of SLM technology on machinability. 
Various machinability characteristics like tool wear and wear mechanisms, cutting forces and 
surface integrity (surface roughness, microstructural alterations and work hardening of the 
machined sub-surface) of the work materials are studied in this section. Optical microscope, 
scanning electron microscope, Kistler piezoelectric dynamometer, surface profiler and 
hardness tests were used to characterize the machinability characteristics. 
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4.2.2 Tool wear 
Machining tests were carried out on the work materials at different cutting speeds of 60,120 
and 180 m/min. After these trials, the tools were preserved to examine the wear regions and 
wear mechanism operating during machining of these materials at different cutting speeds. In 
order to keep the tool wear constant before the start of each trial, complete new insert/edge 
(zero wear) was used. The rake face and flank face of the zero wear/reference tool is shown in 
Figure 4-13. The preserved carbide tools after machining these three different materials were 
first examined using an optical microscope to study the wear regions. The image analysis 
software with the optical microscope was used to estimate the maximum flank wear by 
measuring the length of the worn area. Images of cutting tools and their corresponding flank 
wear after machining wrought Ti-6Al-4V and SLM Ti-6Al-4V (both in “as built” condition 
and “heat treated” condition) are shown in Figure 4-14 and Figure 4-15. It is evident from the 
micrographs, that cutting tools that machined SLM Ti-6Al-4V materials exhibited severe wear 
compared to the tools used for machining wrought Ti-6Al-4V. This can be seen by the 
deterioration of flank face of the cutting tool and the presence of chipped–off regions and burn 
out marks on the rake face of the cutting tools at high cutting speeds, illustrating the severity 
of conditions occurring during cutting of SLM titanium alloys. In order to improve the 
understanding on the tool wear, further analysis of tool wear in these cutting tools are reported 
in section 4.2.3. 
 
Figure 4-13 Zero wear/Reference cutting tool a) rake face and b) flank face 
 
a) 
b) 
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Figure 4-14 Micrographs of the rake and flank face of the cutting tools after machining Ti-6Al-4V 
materials. 
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High tool wear was observed in machining of SLM fabricated titanium alloys (both in A.B and 
H.T) as compared to the conventionally produced wrought Ti-6Al-4V (see Figure 4-15). At 
high cutting speeds, the tool wear in machining of SLM Ti-6Al-4V was almost 2-3 times higher 
than that of machining of wrought Ti-6Al-4V. 
Severe wear of the cutting tool during machining of SLM Ti-6Al-4V (A.B) might be due to the 
higher strength and hardness of the material due to its martensitic (α’) (as discussed in section 
4.1). However, the conversion of α’→ α+β as a result of heat treatment did not significantly 
reduce tool wear during machining of SLM Ti-6Al-4V (H.T). Still, there was slight difference 
in the tool wear after machining SLM Ti-6Al-4V in (A.B) and (H.T) condition as shown in 
Figure 4-15. 
Armendia [140] found that machining of β-annealed wrought titanium alloys with a lamellar 
microstructure of large β grain size resulted in high tool wear due to its high shear deformation 
resistance [140, 141]. Similar to those results, in this work, high tool wear was also observed 
during machining of SLM Ti-6Al-4V (H.T) with a lamellar microstructure as compared to 
largely equiaxed wrought Ti-6Al-4V. 
Maximum flank wear during machining of SLM materials increased significantly with cutting 
speeds and was highest in the cutting tools that machined SLM Ti-6Al-4V (H.T) (~182 % 
higher compared to wrought Ti-6Al-4V) at high cutting speeds of 180 m/min. Following SLM 
Ti-6Al-4V (H.T), SLM Ti-6Al-4V (A.B) also exhibited significantly higher tool wear 
compared to wrought Ti-6Al-4V (~140 % higher compared to wrought Ti-6Al-4V). The 
maximum flank wear in the cutting tool at high cutting speeds was almost 200% higher than 
that of the tool wear at low cutting speeds during machining of SLM material (see Figure 4-15). 
The severity of the wear in the cutting tools was observed in both rake and flank faces at high 
cutting speeds for machining of SLM Ti-6Al-4V materials. This eventually led to catastrophic 
failure of the cutting tool at high cutting speeds. In addition, high mechanical and thermal 
stresses acting on the cutting tools at high cutting speeds also contributed to rapid tool wear 
and premature catastrophic tool failure. However, the severity of the tool wear in wrought Ti-
6Al-4V was not as high as it was observed for the SLM Ti-6Al-4V materials at high cutting 
speeds. Overall, there were no significant changes in tool wear with cutting speeds during 
machining of wrought Ti-6Al-4V, indicating steady and favorable cutting. However, the tool 
wear associated with machining of SLM Ti-6Al-4V (A.B/H.T) materials increased 
significantly with cutting speeds. 
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Figure 4-15 Maximum flank wear in cutting tool during machining of Ti-6Al-4V materials. 
4.2.3 Tool wear mechanisms 
In order to understand the machinability of these materials, cutting tools were further 
characterized using a scanning electron microscope to study the tool wear. It was found that 
coating delamination, adhesion, diffusion-dissolution, attrition and chipping were the major 
wear mechanisms during machining of SLM Ti-6Al-4V (A.B/H.T) materials. 
Coating delamination 
Examination of the cutting tools after machining these materials revealed that coating 
delamination in the cutting tool was found for all the cutting conditions irrespective of the 
material being machined. Coating delamination during machining of wrought and SLM 
materials is shown in Figure 4-16, 4-17 and 4-18. This wear mechanism was characterized by 
abusive grinding marks and visible tool substrates in the SEM images. Coating removal was 
found on both rake and flank face of the cutting tool. This wear was especially severe at high 
cutting speeds during machining of SLM titanium material. Figure 4-17 and 4-18 shows severe 
coating delamination at high cutting speeds. The exposure of the tool substrate materials due 
to coating delamination increased the susceptibility to dissolution/diffusion, which eventually 
leads to gradual removal of tool materials due to thermo-mechanical stresses and chemical 
reactions in the tool-chip interface. 
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Coating delamination in various PVD and CVD coated carbide tools during machining of 
titanium alloys was observed by various researchers [39, 97, 101, 106, 142, 143]. Removal of 
coating by wear mechanism is attributed to chemical reaction and crack propagation at the tool 
substrate interface due to the difference in thermal co-efficient of expansion between the 
coating matrix and the substrate[144].  
Adhesion 
Adhesion is one of the common wear mechanisms observed in machining of titanium alloys 
due to their high chemical reactivity [97, 101, 106, 144-146]. This adhesion of titanium work 
material on the cutting tools accelerates the chemical reaction between the tool and work 
material, accelerating tool wear. Adhesion of titanium work material on the cutting tool was 
observed for all cutting conditions employed. Figure 4-16 and 4-17 show the adhesion of the 
work material on the rake face and flank face of the cutting tool in the form of buildup of small 
fragments of work material and chip material sticking on the tool surface. It can also be seen 
that the build up fragments and the tool material are not held together strongly. This can easily 
break free and are redeposited on the machined surface during machining. Adhesion on cutting 
tools during machining of these materials is attributed to 1) higher chemical reactivity of 
titanium alloys towards all the tool materials; and 2) welding of tool and chips at the tool-chip 
interface during chip formation [124, 125]. 
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Figure 4-16 SEM images of the rake face of the cutting tool after machining a) wrought Ti-6Al-4V b) 
SLM Ti-6Al-4V (A.B) c) SLM Ti-6Al-4V (H.T) at 60 m/min. 
 
Figure 4-17 SEM image of the rake face and flank of the cutting tool after machining (a,b) SLM Ti-6Al-
4V (A.B) and (c,d) SLM Ti-6Al-4V (H.T) at 180 m/min. 
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Abrasion and attrition 
Abrasion was found in the rake and flank faces of the cutting tools during machining of these 
materials at low cutting speeds (60 m/min). Small scratch marks on the rake face and flank face 
of the cutting tool illustrates the abrasion wear mechanism operating in the cutting tools (see 
Figure 4-16, 4-17 and 4-18). However, at high cutting speeds, abrasive wear was not evident. 
Although traces of abrasion wear were observed on the cutting tools, it was found that it had a 
negligible effect in influencing the tool failure. 
Attrition wear was observed in the cutting tools that machined SLM Ti-6Al-4V material at high 
cutting speeds. This wear was found in both the rake and flank face of the cutting tool during 
machining of SLM fabricated titanium component. This wear is not commonly observed during 
turning of conventionally produced titanium alloys; however, it is reported in intermittent 
cutting operations like milling due to high mechanical impacts on the cutting tools [97, 106]. 
Due to the severe conditions in machining SLM Ti-6Al-4V materials, this wear mechanism 
was observed in these cutting tools. The visible weakened tool grains and uneven surfaces in 
the cutting tool illustrate the presence of this wear mechanism. The loosened tool particles from 
this wear mechanism are eventually carried away by the fast flowing chips at high cutting 
speeds (illustrated in Figure 4-19) leading to catastrophic tool failure. By examining the 
underside of the machined chips, the presence of the carbide particles in the chips were 
confirmed.  
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Figure 4-18 a) Higher magnification images from Figure 4-16 of   a) region 1 illustrating the weakened 
aggregates of tool particles. b), c) region 2 and region 3 respectively illustrating the weakened and 
exposed tungsten carbide particles in the cutting tool. 
Diffusion 
Diffusion wear (migration of tool and work material at the tool-chip interface) is often 
associated with adhesion and promoted by build up edge formation and welding between the 
chip and tool. As reported by various researchers, titanium alloys have a little or no tendency 
to form BUE or a stable BUE [124, 125]. However, welding of chip and work material occurs 
during chip formation at the tool-chip interface [121, 124, 125]. During machining of SLM 
materials, chip welding at high cutting speeds promotes migration of Ti, Al and V from the 
work material to the tool material and W, C and Co from the tool material to the chip material. 
During machining of SLM materials at high cutting speeds of 180 m/min, the chip weld and 
the built up layer are removed by fast flowing chips plucking a chunk of tool material as they 
are removed. EDS analysis of the tool side of the chip surface reveals a chunk of tungsten 
carbide particles removed from the cutting tool (see Figure 4-19). 
a) b) 
c) 
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However, the severity of the chip welding was more evident in machining of SLM fabricated 
titanium alloy as compared to the conventionally made wrought titanium alloy for the same 
conditions. 
 
Figure 4-19 a) SEM image of the SLM Ti-6Al-4V (H.T) chip obtained at 180m/min. b) EDS mapping 
confirming the presence of tungsten particles from the tool material in the machined chip. 
Chipping and Plastic Deformation 
Chipping and plastic deformation of the tool surface was observed only on the cutting tools 
used for machining SLM Ti-6Al-4V (A.B/H.T) materials, at high cutting speeds and was 
responsible for the catastrophic failure of the cutting tool (see Figure 4-17 b) and d)). The 
occurrence of these wear mechanisms at high cutting speeds may be due to the high 
concentration of mechanical and thermal stresses localised at the small chip-tool contact areas.  
The SLM materials have high shear resistance due to their high strength and hardness. Cutting 
tools that machined wrought Ti-6Al-4V did not show any signs of chipping or plastic 
deformation. This is possibly due to the higher ductility and lower strength and hardness of 
wrought titanium materials compared to the SLM materials. The forces operating during 
machining are examined further in the next sections to understand the shear deformation 
resistance offered by these materials during machining. 
Tungsten particles  
Tool chip contact area 
a) b) 
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4.2.4 Forces during machining   
Various components of forces recorded during machining of these materials from the start to 
finish are shown in Figure 4-20, Figure 4-21 and Figure 4-22. The various components of forces 
act on the cutting tool in three different directions. Fx is the feed component, Fy is the thrust 
force component and FZ is the main cutting force component. The main cutting force (Fz) and 
feed force (Fx) components are used to characterise the machinability of the materials 
(described in detail in section 2.3.2). 
It is clearly seen from the graph that the higher forces (~ 25-220 %) are required for machining 
of the SLM Ti-6Al-4V (A.B/H.T) materials as compared to wrought Ti-6Al-4V alloy. This can 
be attributed to the higher strength and hardness of SLM materials as compared to the wrought 
Ti-6Al-4V (as discussed in chapter 4.1). Arrazola et al. [78] found that cutting forces in 
machining titanium alloys depend on material properties such as strength and hardness. They 
found that Ti555.3 with higher strength and hardness required higher cutting forces compared 
to the Ti-6Al-4V alloy. It is notable that SLM Ti-6Al-4V (H.T) with a lamellar (α+β) 
microstructure had slightly higher cutting forces in some cases as compared to SLM Ti-6Al-
4V (A,B) with martensitic (α’) grains. Armendia [140] also observed similar high cutting forces 
during machining of titanium alloys of lamellar microstructure due to it high shear deformation 
resistance. The conversion of α’→α+β by heat treatment did not reduce the cutting forces 
during machining of SLM Ti-6Al-4V (H.T) materials despite the reduction in its strength and 
hardness. This indicates that both mechanical properties and microstructure play a role in 
determining machinability.  
Figure 4-23 shows the influence of cutting speed on cutting forces during machining of the 
tested work materials. Cutting forces increased (~14 to 45%) with cutting speeds from 60 
m/min to 120 m/min. At a cutting speed of 180 m/min, the cutting forces during machining of 
wrought Ti-6Al-4V decreased (~ 24%), whereas, the cutting forces in the machining of SLM 
materials (A.B) and (H.T) increased drastically (~ 18% - 87 %). This indicates that SLM 
materials was significantly affected by tool wear at high cutting speeds of 180 m/min as 
compared to wrought Ti-6Al-4V. The sudden hike in cutting forces is possibly due to the high 
tool wear and chip welding during machining of SLM Ti-6Al-4V materials at high cutting 
speeds. 
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Figure 4-20 Fx component of cutting forces during machining at 60,120 and 180 m/min cutting speeds.  
Data acquisition stopped due to tool failure in SLM (A.B/H.T). 
 
Figure 4-21 Fy component of cutting forces during machining at 60,120 and 180 m/min cutting speeds. 
Data acquisition stopped due to tool failure in SLM (A.B/H.T). 
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Figure 4-22 Fz component of cutting forces during machining at 60,120 and 180 m/min cutting speeds. 
Data acquisition stopped due to tool failure in SLM (A.B/H.T). 
 
Figure 4-23 Mean cutting forces with standard deviations during machining of wrought and SLM 
materials at different cutting speeds. 
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Overall, the cutting forces were influenced by material characteristics and cutting speeds. SLM 
materials (both (A.B) and (H.T)) required higher cutting forces for shear deformation in 
machining as compared to wrought Ti-6Al-4V.  
 The heat treatment of SLM Ti-6Al-4V did not reduce the cutting forces required. In addition, 
cutting forces increased drastically at high cutting speeds in machining SLM Ti-6Al-4V 
(A.B/H.T) materials, unlike wrought Ti-6Al-4V. 
4.2.5 Surface integrity 
Surface roughness 
Surface roughness of the machined surfaces were measured to understand how the material 
characteristics of work materials and the cutting conditions affect the surface quality of the 
components. Analysing the surface roughness of these machined components can provide 
insights about how the difference in material characteristics of conventionally made wrought 
and SLM fabricated Ti-6Al-4V influence the cutting performance and machined surface 
quality. Surface roughness after machining of these materials at different cutting speeds is 
reported in Figure 4-24. At 60 m/min, the SLM Ti-6Al-4V (A.B/H.T) had superior surface 
finish with 5-8 % lower Ra as compared to wrought Ti-6Al-4V. At 120 m/min, surface quality 
of SLM Ti-6Al-4V (A.B) was poor as compared to wrought and SLM Ti-6Al-4V (H.T). 
However, at 180 m/min, the surface roughness increased significantly as compared to wrought 
Ti-6Al-4V. The observed difference in Ra at high cutting speeds of 120 m/min and 180 m/min 
is due to the high tool wear observed during machining of these materials (as discussed in 
section 4.2.2). The difference in Ra for machining these materials can be explained in terms of 
difference in material characteristics, tool wear and cutting conditions used.  
Machined surface quality is influenced by material properties. Usui [147] and Chen [148] 
found that an increase in hardness of a material can reduce surface (Ra) and improve the surface 
quality as hard materials reduce the plasticity of the workpiece material and the level of lateral 
plastic flow during machining. Thus, the higher hardness of SLM Ti-6Al-4V compared with 
wrought Ti-6Al-4V resulted in better surface finish during machining at low speeds. To prove 
this point, the surface profiles and the SEM of the machined surface are shown in Figure 
4-25Figure 4-26 and Figure 4-27. Ra profile peaks were high for the machined surface of 
wrought Ti-6Al-4V as compared to SLM Ti-6Al-4V (A.B/H.T) as shown in Figure 4-25. Close 
examination of the machined surface using SEM revealed deep tool indentations and plastic 
side flow on wrought Ti-6Al-4V (see Figure 4-26 aFigure 4-27 a).  
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On the other hand, the tool indentations in SLM Ti-6Al-4V (A.B/H.T) were shallow and less 
evidence of material side flow was observed (see Figure 4-26 b, c and Figure 4-27 b, c). The 
evidence of material side flow was also observed in frozen chip samples of wrought Ti-6Al-
4V (section 4.3.6). 
Cutting temperature was not measured during the trails However, high tool wear at high cutting 
speeds due to high cutting temperature increased the severe plastic side flow and deposition of 
molten chip material from the tool onto the machined surface leading to poor surface finish. 
The material side flow and the molten chip deposition observed on the machined surfaces are 
clearly shown in Figure 4-27 and  4-28. 
 
Figure 4-24 Surface roughness after machining these materials at 60,120 and 180 m/min cutting speeds. 
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Figure 4-25 Surface roughness profiles of the machined surface of wrought and SLM fabricated titanium 
alloy, Ti-6Al-4V. 
 
Figure 4-26 SEM images of the machined surface of a) wrought Ti-6Al-4V, b) SLM Ti-6Al-4V (A.B), and 
c) SLM Ti-6Al-4V (H.T) after machining at 60 m/min. 
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Figure 4-27 Higher magnification SEM image of the machined surface after machining a) wrought Ti-
6Al-4V, and b)SLM Ti-6Al-4V (A.B), and c) SLM Ti-6Al-4V (H.T) at 60 m/min. 
 
 
Figure 4-28 SEM image of the machined surface after machining a) SLM Ti-6Al-4V (A.B), and b) SLM 
Ti-6Al-4V (H.T) at 180 m/min. 
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Overall, the nature of work materials, cutting conditions and tool wear played prominent roles 
in influencing the surface quality of the machined surface. SLM Ti-6Al-4V (A.B/H.T) due to 
its high hardness, offered better surface finish at low cutting speeds. However, with the increase 
in cutting speeds, tool wear damaged the surface finish of the machined components. 
Microstructural alterations 
After surface roughness examinations, cross sections of the machined surfaces were prepared 
to study the microstructural deformation beneath the machined surface. This study was 
undertaken to understand how the material characteristics and cutting conditions affect this 
deformation. This study will help optimise machining and improve productivity. 
After etching, microstructural deformation beneath the machined surface was clearly evident 
in wrought and SLM Ti-6Al-4V (H.T) materials. Cross sectional microstructural deformation 
of SLM Ti-6Al-4V (A.B) machined samples was not evident (see Figure 4-29, 4-30 and  4-31 
b)). Despite of numerous attempts at metallographic preparations, the microstructural 
deformation beneath the machined surface was not clearly visible, possibly due to the 
resistance of martensite α’ grains to etching and the small grain size.   
The cross section of the machined surface showed a layer of plastic deformation immediately 
beneath the surface of both wrought and SLM Ti-6Al-4V (H.T). There was no evidence of 
cracks or the appearance of heat affected zone or white layer formation zone as observed in 
machining of other aerospace alloys like Inconel alloys and hardened steels [110]. The 
plastically deformed layer was apparent from the deformation and bending of grains along the 
direction of cutting tool movement. The depth of the plastically deformed layer was determined 
by measuring the depth beneath the machined surface where inclination or bending of the 
grains was observed. 
At low cutting speed of 60 m/min, the depth of plastic deformation beneath the machined 
surface was slightly higher in SLM Ti-6Al-4V (H.T) (~ 68 % higher) as compared to wrought 
Ti-6Al-4V. At the cutting speed of 120 m/min, the depth of the plastic deformation beneath the 
machined surface slightly increased. Similar to the low cutting speeds, the depth of plastic 
deformation beneath the machined surface was higher in SLM Ti-6Al-4V (H.T) (~ 64% higher) 
as compared to the wrought Ti-6Al-4V. Similarly, at a cutting speed of 180 m/min, SLM Ti-
6Al-4V (H.T) samples also exhibited a higher level of plastic deformation (~108 % higher) 
beneath the machined surface as compared to wrought Ti-6Al-4V. 
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Also, it can be seen that the depth of the plastic deformation layer beneath the machined surface 
for both materials increased with cutting speeds (see Figure 4-33). The highest level of plastic 
deformation was observed for samples machined at high cutting speeds of 180 m/min. High 
cutting speeds resulted in a thicker and severely plastically deformed layer (~10 µm) beneath 
the machined surface. Figure 4-32 shows the influence of tool wear on the microstructural 
alterations in the machined sub-surface. The depth of the deformed layer increased by 
approximately 180 % during machining with worn tools as compared to the machining with 
fresh tool. High strain rate at high cutting speeds and severe tearing and plastic deformation of 
the machined surface during machining with worn tools along with high cutting pressure at 
elevated temperature resulted in severe microstructural alterations beneath the machined sub-
surface. The evidence for the plastic deformation on the sub-surface immediately beneath the 
machined surface for various cutting conditions and materials are shown is Figure 4-29, 4-30, 
4-31 and 4-32. 
 
Figure 4-29 Microstructure of the machined surface after machining a) wrought Ti-6Al-4V b) SLM Ti-
6Al-4V (A.B) c) SLM Ti-6Al-4V (H.T) at a cutting speed of 60 m/min. 
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Figure 4-30 Microstructure of the machined surface after machining a) wrought Ti-6Al-4V b) SLM Ti-
6Al-4V (A.B) c) SLM Ti-6Al-4V (H.T) at a cutting speed of 120 m/min. 
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Figure 4-31 Microstructure of the machined surface after machining a) wrought Ti-6Al-4V b) SLM Ti-
6Al-4V (A.B) c) SLM Ti-6Al-4V (H.T) at a cutting speed of 180 m/min. 
 
 
Figure 4-32 Sub-surface microstructure after machining SLM Ti-6Al-4V (H.T) at cutting (Vc) of 180 
m/min a) before tool wear b) after tool flank wear of 352 µm. 
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Figure 4-33 Depth of sub-surface microstructural alterations after machining of wrought and SLM Ti-
6Al-4V (H.T) at various cutting speeds. 
Overall, microstructural alterations beneath the machined surface of wrought and SLM Ti-6Al-
4V was observed in the form of grain inclination and bending along the direction of cutting 
tool movement and these microstructural alterations were found to increase with cutting speeds 
and tool wear. SLM Ti-6Al-4V (H.T) exhibited severe microstructural alterations beneath the 
machined surface as compared to wrought Ti-6Al-4V. 
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4.2.6 Summary 
This research was undertaken to understand the machinability of SLM Ti-6Al-4V to improve 
the productivity and product quality. The outcome of this research chapter was to inform the 
industry to enable the design of a better manufacturing route to improve the product quality of 
AM (or specifically SLM components). From the machining trials: 
• SLM fabricated Ti-6Al-4V materials (A.B/H.T) were more difficult to machine as 
compared to the conventionally produced wrought titanium alloys. The heat treatment of 
SLM fabricated Ti-6Al-4V work material did not significantly improve its machinability 
characteristics despite the microstructural change from martensitic α’ in SLM Ti-6Al-4V 
to equilibrium α+β in the SLM Ti-6Al-4V (H.T) samples (as discussed in first experimental 
chapter). 
• Maximum flank wear during cutting was higher for SLM Ti-6Al-4V (A.B/H.T) materials 
as compared to wrought Ti-6Al-4V, irrespective of the cutting speeds used. Maximum 
flank wear increased drastically with increasing cutting speeds during machining of SLM 
material. High cutting speeds of 180 m/min resulted in a rapid increase in tool wear leading 
to catastrophic failure of the cutting tool.  
• Coating delamination, adhesion, attrition, diffusion-dissolution and chipping are the major 
cutting tool wear mechanisms in machining of SLM fabricated titanium alloys. 
• Cutting forces were observed to be higher for SLM Ti-6Al-4V (A.B) and (H.T) materials 
compared to the wrought material due to its higher strength and hardness and 
microstructural features (martensitic (α’) (A.B)/lamellar (α+β) (H.T) microstructure). 
• High hardness of the SLM Ti-6Al-4V (A.B/H.T) as compared to wrought Ti-6Al-4V 
reduced the material lateral plastic flow resulting in a better surface finish as compared to 
the wrought Ti-6Al-4V at low cutting speeds. However, at high cutting speeds, the severe 
tool wear observed in machining SLM Ti-6Al-4V (A.B/H.T) resulted in poor surface finish 
due to increased plastic flow and re-deposition of chip material on the machined surface. 
• Machined surfaces did not show any appearance of heat affected zone or white layer 
formation zone. The microstructure beneath the machined surface exhibited severe plastic 
deformation in the direction of machining. The extent of plastic deformation was dependent 
on tool wear and cutting speeds. Plastic deformation layer thickness was higher for SLM 
Ti-6Al-4V (H.T) as compared to its wrought counterpart due to high cutting pressure and 
rapid tool wear.  
104 
 
Chapter Four: Results  
 
4.3 Chip formation in machining selective laser melted Ti-6Al-4V 
4.3.1 Introduction 
Chip formation plays a major role in metal cutting due to its influences on tool wear and surface 
roughness. The influence of microstructure, mechanical properties and cutting conditions on 
chip formation of conventionally produced titanium alloys has been the subject of number of 
studies [85, 87, 122, 123, 130, 149-153]. However, considering the significance of machining 
of SLM materials, there is a significant lack of knowledge about chip formation characteristics 
of SLM fabricated Ti-6Al-4V. Moreover, the observed difference in machinability, 
microstructure and mechanical properties of SLM fabricated Ti-6Al-4V with wrought Ti-6Al-
4V in the previous sections 4.1 and 4.2 raises the question of how these characteristics affect 
the chip formation. In addition, study of chip formation characteristics is also required to 
explain how the chip formation nature of SLM Ti-6Al-4V influences its machinability.  
This section examines, firstly, important chip formation characteristics such as chip 
morphology and chip segmentation characteristics, which were analysed to study the influence 
of microstructure, mechanical properties and cutting speeds. Secondly, the mechanism of chip 
formation of SLM Ti-6Al-4V was discussed to improve the understanding of the root cause for 
saw-tooth chip formation. Finally, the primary deformation zones of SLM and wrought work 
materials were investigated to explain the influence of chip formation on machinability 
characteristics results from section 4.2.  
4.3.2 Chip morphology 
The morphologies of the free surfaces and mounted cross sections of the chips obtained during 
machining were examined by SEM and optical microscope. The morphology of the chips were 
studied in multiple chip locations to ensure consistency. The features of the machined chips 
were found to be consistent at different locations from the observations using optical 
microscope and SEM. SEM images of the free surfaces and cross sections of the chips obtained 
during machining of wrought Ti-6Al-4V, SLM Ti-6Al-4V (A.B) and SLM Ti-6Al-4V (H.T) 
are shown in Figure 4-34 and 4-35. Initial observations reveal variation in segment shape and 
morphology in chips obtained after machining wrought and SLM Ti-6Al-4V (A.B/H.T). 
Wrought Ti-6Al-4V chip samples exhibited regular trapezoidal shapes with blunt edges, 
whereas, SLM Ti-6Al-4V (A.B/H.T) samples exhibited irregular trapezoidal shapes with sharp 
edges. These differences point out the fact that there is a difference in chip formation 
characteristics of the wrought and SLM materials.  
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 In wrought Ti-6Al-4V, the small sawtooth segments at the free side of the chip were closely 
packed with less intersegment spacing (~ 42 ± 9 µm) (i.e., without gaps/cracks). Also, the 
absence of cracks in the cross section of the wrought Ti-6Al-4V chips running from free side 
of the chip to the tool side of the chip are clear from Figure 4-34 d and Figure 4-35 a. Similarly, 
some researchers [118, 127, 154] also reported no evidence of cracks during machining of 
conventionally produced wrought Ti-6Al-4V. This absence of cracks between the segments is 
a clear indication that the segments are formed by sliding along each other. It can also be seen 
that the free surface of the wrought Ti-6Al-4V chip sample (Figure 4-34 a) exhibited a flow 
type or lamellar pattern, as would be expected for a continuous chip type. Black and 
Ramalingam [155, 156] attributed lamellar formation to large strain plastic deformation and 
occurrence of adiabatic shear. Taken together, these micrographs indicate that large plastic 
strains are involved in formation of the individual chip segments and are accommodated by 
plastic deformation due to the high ductility, lower strength and hardness of the wrought Ti-
6Al-4V with equiaxed microstructure (as discussed in section 4.1).  
In contrast, both of the SLM Ti-6Al-4V (A.B/H.T) materials exhibited clear sawtooth 
formation at the free side of the chip with high intersegment spacing (A.B = 79 ± 15 µm and 
H.T = 68 ± 11 µm) between them. Also, cracks were observed between the segments and these 
ran across the whole thickness of the segments (see Figure 4-34 e, f Figure 4-35 b, c). 
Examination of the free side of the chips indicated a clear “step-like segmented” structure 
(Figure 4-34 b and c) with sharp peaks. These are classic features that would be seen in a “shear 
failed” or “segmented” or “saw-tooth” chip type. This indicates that catastrophic 
failure/fracture occurs during segment formation of SLM Ti-6Al-4V (A.B/H.T) as a result of 
the high hardness and brittle characteristics of these materials (as discussed in 4.1). Similarly, 
Shaw et al.[128] attributed increased susceptibility to crack formation in “saw-tooth” chips to 
hardness and brittleness of the work material. 
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Figure 4-34 SEM image of free surface (a, b, c) and cross section (d, e, f) of chips obtained after turning 
(a, d) wrought Ti-6Al-4V (b, e) SLM Ti-6Al-4V (A.B) and (c, f) SLM Ti-6Al-4V (H.T) at a cutting speed of 
60 m/min, f=0.1 mm/rev and d=0.5 mm. 
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Figure 4-35 SEM image of the segmented chips obtained during machining of a) wrought Ti-6Al-4V, b) 
SLM Ti-6Al-4V (A.B) and c)SLM Ti-6Al-4V (H.T) at 60 m/min, f=0.1 mm/rev and d=0.5 mm. 
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4.3.3 Microstructure of the machined chips 
In order to provide further insights in to chip formation of SLM Ti-6Al-4V, microstructure of 
the machined chips were studied using SEM (see Figure 4-36 and 4-37). Microscopic 
observation of the machined chips revealed high deformation in the shear bands due to strain 
localisation in both wrought and SLM Ti-6Al-4V (H.T). Figure 4-37 shows the high 
deformation experienced by α and β phases in the shear bands of wrought and SLM Ti-6Al-4V 
(A.B/H.T). Turley et al. [157] found that the deformation of chips during machining of titanium 
alloys is heterogeneous and the shear strain (γ) can vary greatly from γ ~ 1.3 in the chip 
segments to γ ~ 8 in the shear bands. Examination of the microstructure of the machined chips 
of wrought Ti-6Al-4V illustrates that there was a significantly high microstructural 
deformation of α and β phases in the segments. On the other hand, SLM Ti-6Al-4V (A.B/H.T) 
exhibited less evidence of heavy deformation within the chip segments. In addition, cracks 
were observed in the chip samples of SLM Ti-6Al-4V (A.B/H.T) unlike wrought Ti-6Al-4V 
samples as discussed in section 4.3.2 These characteristics  again prove that chip formation in 
wrought Ti-6Al-4V is due to large strain deformation, whereas, chip formation in SLM Ti-6Al-
4V is predominantly by crack formation. 
 
 
Figure 4-36 SEM image of the machined chips of a) wrought Ti-6Al-4V, b) SLM Ti-6Al-4V (A.B), and c) 
SLM Ti-6Al-4V (H.T) obtained at Vc= 60 m/min, f=0.1 mm/rev and d=0.5 mm. 
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Figure 4-37 Higher magnification images of the a) wrought and SLM Ti-6Al-4V samples obtained at 60 
m/min, f=0.1 mm/rev and d=0.5 mm. 
In addition to studying of the influence of material characteristics on chip morphology, the 
effect of cutting speed on chip morphology was also investigated to understand the chip 
formation nature of the SLM fabricated Ti-6Al-4V materials at different cutting speeds of 60, 
120 and 180 m/min. The cross section of the machined chips of these work materials at various 
cutting speeds are shown in Figure 4-38. There was a transition from aperiodic to periodic 
sawtooth chips with the increase in cutting speeds irrespective of the work material. That is, 
with the increase of the cutting speeds, the degree of chip segmentation in the chips increased 
for all the machined materials as discussed in the next sections (see Figure 4-44). 
Microstructural analysis of the deformed chip samples indicate severe deformation in the shear 
bands with cutting speeds. Figure 4-39, 4-40 and 4-41 illustrates the variation of shear bands 
with cutting speeds during machining of wrought and SLM Ti-6Al-4V (A.B/H.T) samples. 
Higher cutting speeds resulted in higher cutting temperatures, normal and shear stresses, 
thereby resulting in severe deformation. The deformation energy caused by transient 
deformation is almost converted to the thermal energy of the shear deformed layer, leading to 
the significant increase of the temperature in the secondary shear zone and variation of the 
shear bands [118, 154, 158].  
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Strain localisation 
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Figure 4-38 Chip morphology of different work materials at different cutting speeds, f=0.1 mm/rev and 
d=0.5 mm. 
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Figure 4-39 Microstructure of wrought Ti-6Al-4V chips showing variation of shear bands with cutting 
speeds a) 60 m/min, b) 120 m/min and c) 180 m/min, f=0.1 mm/rev and d=0.5 mm. 
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Figure 4-40 Microstructure of SLM Ti-6Al-4V (A.B) chips showing variation of shear bands with cutting 
speeds a) 60 m/min, b) 120 m/min and c) 180 m/min, f=0.1 mm/rev and d=0.5 mm. 
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Figure 4-41 Microstructure of SLM Ti-6Al-4V (H.T) chips showing variation of shear bands with cutting 
speeds a) 60 m/min, b) 120 m/min and c) 180 m/min, f=0.1 mm/rev and d=0.5 mm. 
To gain further insight into the failure mechanisms, the surfaces of the peak faces formed by 
machining at 60 m/min were examined more closely using SEM (Figure 4-42). The differences 
between the wrought and SLM material are clear. Wrought Ti-6Al-4V with its equiaxed 
microstructure and high ductility, lower strength and hardness accommodated high plastic 
deformation, exhibiting a clear “fold like structure”, typical of continuous chips. On the other 
hand, SLM fabricated Ti-6Al-4V materials with martensitic (α’)/lamellar (α+β) 
microstructures with high strength, hardness and poor ductility exhibited cleavage/brittle 
fracture with dimples and sharp chip serrations, typical of “segmented” or “serrated” chip 
types. Figure 4-42 shows the dimpled and smeared appearance on the sheared surface in the 
segments of wrought and SLM fabricated Ti-6Al-4V (A.B) sample. The failure in the sheared 
surface of the segment of wrought Ti-6Al-4V appears to be plastically deformed in a “fold like 
structure” indicating ductile fracture.  
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c) 
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The presence of smooth surfaces and sharp edges in the sheared surface of SLM Ti-6Al-4V 
(A.B) material confirms the localised heavy deformation and brittle/cleavage fracture in the 
sheared surface. This illustrates the fact that SLM materials exhibit catastrophic 
brittle/cleavage fracture due to cracks initiated during shear deformation. Barry et al. [121] 
found that this failure mechanism is common under severe cutting conditions such as high 
material hardness and cutting speed. These results are consistent with the fractured surface of 
wrought and SLM Ti-6Al-4V materials as discussed in section 4.1.5. 
 
 
Figure 4-42 SEM image of the sheared surface in the segment of a) Wrought Ti-6Al-4V and b) SLM Ti-
6Al-4V (A.B) chips at 60 m/min, f=0.1 mm/rev and d=0.5 mm. 
 
 
 
a) 
b) 
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Overall, difference in chip morphologies and characteristics is related to the mechanism of chip 
formation that is closely influenced by work material characteristics such as microstructure, 
strength, hardness, ductility and cutting speeds [87, 121, 131, 150, 153, 159]. Fu et al. [153] 
and Joshi et al. [159] found that material microstructure could influence the plasticity and affect 
chip morphology and formation. From the above investigations, cracks are dominant in chip 
samples of SLM Ti-6Al-4V (A.B/H.T), proving that crack initiation might be a root cause of 
failure for “saw-tooth” chip formation in machining of SLM Ti-6Al-4V. 
The difference in chip morphologies with cutting speeds can be attributed to the high strain, 
strain rate and temperatures involved at high cutting speeds [74, 83, 156]. Barry at al. [121] 
found that high strain, strain rate and temperature at high cutting speeds can lead to ductile 
fracture of the chip segments along the shear plane. Shivpuri et al. [131] attributed the increase 
in materials ductility in the primary deformation zone at high cutting speeds to the fracture 
propagation at β transus temperature rather than the α+β transus temperature at low cutting 
speeds. 
4.3.4 Analysis of chip segmentation characteristics 
Chip segmentation refers to the appearance of individual segments in the machined chips and 
is very distinctive in machining of titanium alloys [124, 125, 128]. Chip segmentation was 
observed even at low cutting speeds during machining of commercially pure titanium alloys 
[160]. The cause of segmented chips in machining of titanium alloys is attributed to 
“catastrophic adiabatic shear” [124, 125, 161] as a result of non-uniform strain distribution  and 
“periodic crack initiation and propagation” [91, 128, 129].  
To understand the influence of SLM processing and cutting speeds on chip segmentation of Ti-
6Al-4V, chip segmentation frequency was measured using an optical microscope. The degree 
of chip segmentation was analysed by measuring the height of 20 random individual segments 
in the machined chips of wrought and SLM materials as shown in Figure 4-43.  
After measurement of the heights, the degree of chip segmentation was calculated using the 
formula shown below: 
𝑂𝑂𝑑𝑑𝐷𝐷𝑤𝑤𝑑𝑑𝑑𝑑 𝑅𝑅𝑜𝑜 𝑅𝑅ℎ𝑠𝑠𝑖𝑖 𝑠𝑠𝑑𝑑𝐷𝐷𝑃𝑃𝑑𝑑𝑠𝑠𝑡𝑡𝑅𝑅𝑡𝑡𝑠𝑠𝑅𝑅𝑠𝑠 = ℎ1 − ℎ2
ℎ1
 
Where, h1 is the maximum height of the individual segments in the chip and 
 h2 is the minimum height of the individual segments in the chip 
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Figure 4-43 Microstructure of chip cross section after machining a) wrought Ti-6Al-4V, b) SLM Ti-6Al-
4V (A.B) c) SLM Ti-6Al-4V (H.T) at 60 m/min, f=0.1 mm/rev and d=0.5 mm. 
Figure 4-44 shows the influence of work material and cutting speed on chip segmentation of 
Ti-6Al-4V. The results indicate that the degree of chip segmentation is high in SLM Ti-6Al-
4V materials (A.B/H.T) (~20-110 % higher) as compared to the conventionally produced 
wrought material (see Figure 4-44). However, there was no significant difference between the 
chip segmentation characteristics in SLM Ti-6Al-4V (A.B) and (H.T). With the increase in 
cutting speeds, chip segmentation characteristics increased approximately 20 to 180%, 
irrespective of the work material. Overall, it can be suggested that the degree of segmentation 
will be asymptotic to 1 and chips will become discrete elemental chips when either the cutting 
conditions or material characteristics such as strength, hardness and brittleness are severe. 
This increase in chip segmentation can be related to the high shear deformation resistance and 
crack formation tendency of SLM Ti-6Al-4V (A.B/H.T) materials due to their higher strength, 
hardness and poor ductility as compared to wrought Ti-6Al-4V (as discussed in section 4.1). 
Various other researchers also observe the increase of chip segmentation with cutting speeds 
during machining of titanium alloys due to high cutting temperature and strain rates at high 
cutting speeds [121, 159, 162]. 
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Figure 4-44 Average degree of chip segmentation of wrought Ti-6Al-4V, SLM Ti-6Al-4V (A.B) and SLM 
Ti-6Al-4V (H.T) at different cutting speeds, f=0.1 mm/rev and d=0.5 mm. 
4.3.5 Mechanism of sawtooth chip formation 
The mechanism of sawtooth chip formation needs to be studied and understood. There are 
significant disagreements and controversies in this field [124, 125, 128, 129, 163]. Specifically 
most of the arguments are related to the failure in the primary deformation zone. Thermoplastic 
shear theory and periodic crack initiation theory are the most accepted theories for segmented 
/sawtooth chip formation. Adiabatic shear and cracks are important aspects of thermoplastic 
shear theory and periodic crack initiation theory respectively. This study was undertaken to 
provide an understanding of the mechanism of segmented/sawtooth chip formation in 
machining of SLM fabricated Ti-6Al-4V. 
In order to clarify the conflicting theories and to improve the understanding of sawtooth chip 
formation, quick stop devices were used during machining of SLM fabricated titanium alloy to 
collect the frozen chip samples. This enables observations of the early stages of chip formation 
can provide new insights into how chip formation progresses during machining of a material. 
This has been used to observe features such as adiabatic shear, cracks and mechanisms of chip 
formation [130, 134, 154, 159, 164]. In this study, this technique was used to study the 
mechanism of segmented/sawtooth chip formation in machining of SLM Ti-6Al-4V and to 
look for evidence of cracks in the primary deformation zone. 
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 An SEM image of the etched frozen chip sample is shown in Figure 4-45. The SEM image 
clearly illustrates that both cracks and adiabatic shear bands were observed in the primary 
deformation zone. In the partially formed segment (1-2-3-4) of SLM titanium alloy, the regions 
2-1’ and 1’-1 illustrate the presence of adiabatic shear and cracks respectively. Adiabatic shear 
is not visible in the crack region 1-1’. Shaw et al. [128] found that gross cracks and micro 
cracks are involved in the saw-tooth chip formation. Gross cracks are continuous across the 
chip width, whereas micro-cracks are discontinuous across the chip width. The gross crack in 
the SLM titanium alloy appears to have penetrated about one fourth along the shear plane (see 
Figure 4-45). However, micro-cracks are not evident in the frozen chip sample.  The presence 
of gross cracks in the primary and secondary deformation zone of the frozen chip sample of 
SLM titanium alloy indicates that crack initiation along with adiabatic shear is the root cause 
for sawtooth chip formation in machining of SLM titanium alloy. In addition, these cracks were 
observed in the secondary deformation zones as discussed in section 4.3.2 confirming that 
crack initiation theory in sawtooth chip formation during machining of SLM titanium 
(A.B/H.T) alloys.   
From the investigations, sawtooth chip formation mechanism is significantly influenced by 
microstructure and material characteristics such as strength, hardness and ductility. Shaw et al. 
[128] and Barry et al. [121] found that the work material hardness (brittleness) plays an 
important on the onset of sawtooth chip formation. As discussed above in section 4.1, SLM 
titanium material was found to have high hardness and poor ductility, thus SLM titanium alloys 
are highly susceptible to cyclic cracking, resulting in sawtooth chip formation.  
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Figure 4-45 SEM image of the frozen chip sample of SLM Ti-6Al-4V (H.T) illustrating shear localisation 
and cracks in a) secondary deformation and b, c) primary deformation at cutting of 60 m/min, 
f=0.1mm/rev and d=0.5 mm. 
4.3.6 Build up edge 
Build up edge plays a very important and vital role in metal cutting due to its drastic effects on 
surface finish and tool wear. Previous studies illustrate that an unstable build up edge is formed 
periodically during machining of titanium alloys [124, 165]. In this present investigation, the 
frozen chip samples of wrought and SLM Ti-6Al-4V materials were characterised using an 
SEM to understand the influence of these work materials on build up edge formation. Figure 
Figure 4-46 shows the SEM images of frozen chip samples of wrought and SLM titanium alloy.  
Tool 
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Small chunks of heavily deformed titanium material are built up in the primary deformation 
zone of the frozen chip sample of wrought Ti-6Al-4V (Figure 4-46 a, b). This illustrates the 
early stage of unstable build up edge formation during machining of wrought Ti-6Al-4V. The 
formation of unstable build up edge is due to the heavy deformation and plastic flow of wrought 
Ti-6Al-4V resulting from its high ductility. The occurrence of plastic flow during machining 
was also evident in the machined surface of wrought Ti-6Al-4V at 60 m/min as discussed in 
section 4.2.5. In contrast, SLM Ti-6Al-4V frozen chip samples did not exhibit any signs of 
build-up of work material (Figure 4-46 c, d) in the primary deformation zone due to its 
restricted plastic flow because of its high hardness and poor ductility as compared to 
conventionally produced wrought Ti-6Al-4V. The observed build up edge and plastic flow 
drastically influenced the surface quality (or surface roughness (Ra)) of the machined 
components as discussed in section 4.2.5. 
 
Figure 4-46 SEM image of the frozen chip samples of (a, b) wrought Ti-6Al-4V and (c, d) SLM Ti-6Al-4V 
(H.T) at cutting of 60 m/min, f=0.1 mm/rev and d=0.5 mm. 
a) b) 
c) d) 
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4.3.7 Microhardness study 
Further characterisation of the shear bands associated with the sawtooth formation as shown in 
Figure 4-45 was performed by micro-hardness testing. The Vickers microhardness indentations 
were performed at an equal spacing distance of 25 µm across the adiabatic shear bands using 
HV 0.025 method (Figure 4-47). The results from the Vickers hardness tests are reported in 
Figure 4-48 and 4-49. 
 
Figure 4-47 Microhardness indentations in the chip samples of SLM Ti-6Al-4V (H.T) at cutting speed of 
60 m/min, f=0.1 mm/rev and d=0.5 mm. 
It can be seen that the hardness increased significantly in the adiabatic shear zone irrespective 
of the machined material (Figure 4-48). The hardness for wrought, SLM (A.B) and SLM (H.T) 
Ti-6Al-4V samples increased from about 365 HV, 440 HV and 462 HV to 415 HV, 468 HV 
and 505 HV respectively. Wrought Ti-6Al-4V exhibited the highest hardness increase in the 
shear band of approximately 14%. Whereas SLM Ti-6Al-4V in the “as built” and heat treated 
conditions exhibited increases of only 7 % and 9 %. The increased hardness in the shear bands 
is due to the work hardening characteristics of these materials because of shear localization and 
phase transformation [124, 126, 164]. A high percentage of hardness increase in the shear band 
of wrought Ti-6Al-4V indicates that heavy shear localisation and deformation has occurred in 
the shear bands of this material because of low shear deformation resistance as compared to 
SLM materials (Section 4.1). Figure 4-49 illustrates the influence of cutting speed on the 
hardness inside the shear bands of the chips. It can be seen from the graphs that there was no 
significant difference in hardness inside the shear bands of different chip materials with cutting 
speeds.  
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Higher cutting speeds increased the deformation and reduced the shear band thickness [158]. 
However, despite of higher deformation in shear bands, there was no variation in hardness with 
cutting speeds. There could be potential for future study to understand the effect of cutting 
speeds on shear banding and hardness. 
 
Figure 4-48 Microhardness across the shear bands in different work materials at 60 m/min, f=0.1 mm/rev 
and d=0.5 mm. 
 
Figure 4-49 Microhardness at the shear bands for the different work materials at different cutting speeds 
at f=0.1 mm/rev and d=0.5 mm. 
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4.3.8 Summary 
Chip formation in machining of titanium alloys is strongly influenced by processing conditions 
used to make the work material and the resulting microstructure and mechanical properties. 
The fabrication nature of SLM Ti-6Al-4V (A.B/H.T), its microstructural characteristics and 
mechanical properties such as high strength, hardness and poor ductility affected the chip 
formation and characteristics as compared to wrought Ti-6Al-4V in a number of ways. 
However, there was no significant difference in the chip formation characteristics of SLM Ti-
6Al-4V (A.B) and SLM Ti-6Al-4V (H.T), illustrating the fact that heat treatment and 
conversion of α’→α+β did not significantly alter their chip formation nature.  From the 
investigations of chip formation characteristics of wrought and SLM Ti-6Al-4V, the following 
conclusions can be drawn: 
• Wrought Ti-6Al-4V exhibited lamellar or flow type chips due to large strain deformation, 
whereas, SLM titanium alloys exhibited “shear failed” or “segmented chips due 
catastrophic fracture. 
• Shear localisation played a significant role in the segment formation of all machined work 
materials. However, periodic crack formation was a common feature in the primary and 
secondary deformation zone of SLM Ti-6Al-4V chip samples. 
• Early stage unstable BUE formation was observed in wrought Ti-6Al-4V unlike SLM Ti-
6Al-4V material illustrating the fact that the plastic flow and work material ductility played 
a vital role in tendency for BUE formation. 
• Microhardness inside the shear bands of the chips in all the work materials increased 
because of shear localisation and possible phase transformation in the shear bands. There 
was no significant difference in hardness of the shear bands with cutting speeds. 
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4.4 Build orientation and machinability of selective laser melted Ti-6Al-4V 
4.4.1 Introduction 
Build orientation plays a major role in influencing the microstructural and mechanical 
characteristics of SLM Ti-6Al-4V. Although several research studies focus on the effect of 
build orientation on microstructure and mechanical characteristics of AM (or SLM) titanium 
alloys [12, 63, 65, 67-69, 71, 136], there is no existing literature exploring the influence of 
build orientation on machinability of SLM titanium alloys. The research described in this 
chapter was undertaken to study the influence of build orientation on machinability 
characteristics such as cutting forces, chip formation and surface integrity. 
Orthogonal cutting was performed on the SLM fabricated Ti-6Al-4V after heat treatment in 
three cutting directions based on the build orientation. Cutting forces, machined chips and 
surface topography were analysed to study the influence of build orientation on machinability 
of SLM Ti-6Al-4V. These cutting directions include movement of cutting tool as shown in 
Figure 3-4: 
• Perpendicular to the build direction (along Y direction in the XY plane of case 1 sample) 
• Perpendicular to the build direction (along Y direction in the ZY plane of case 2 sample) 
• Parallel to the build direction (along X direction in the YX plane of case 3 sample) 
• Parallel to the rolling direction in case of wrought Ti-6Al-4V sample  
4.4.2 Microstructural characteristics and orthogonal cutting strategy 
Microstructure of additive manufactured titanium alloys is highly dependent on building 
direction due to layered deposition of materials and vertical heat conduction [12, 63, 65, 67-
69, 71, 136].This microstructural variation in titanium components is observed in various 
additive manufacturing processes as discussed in section 2.2. Figure 4-50,4-51 and 4-52 
illustrate the microstructure of fabricated SLM Ti-6Al-4V in three different build orientations 
(case 1, case 2 and case 3) in their respective cutting plane (XY, ZY and YX). Orthogonal 
cutting was performed on these different planes as described below. 
The microstructure of the XY plane in the case 1 SLM Ti-6Al-4V sample (Figure 4-50) 
consisted of vertical columnar prior β grains oriented in the direction of building. These prior 
columnar β grain boundaries were formed during the solidification of Ti-6Al-4V in the β phase 
field combined with vertical heat conduction [72].  
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Figure 4-50  Microstructural features and the orthogonal cutting strategy employed in machining the case 
1 SLM Ti-6Al-4V sample. 
The cutting tool was moved across the prior β grains (i.e. perpendicular to the direction of 
building) as shown in Figure 4-50 in this machining strategy. The microstructure of the ZY 
plane in case 2 SLM Ti-6Al-4V samples reveals the cross-sections of columnar prior β-grains. 
In this case, orthogonal cutting was performed perpendicular to the build direction along the 
cross-section of the prior β-grains (i.e. along Y direction in the ZY plane) as shown in Figure 
4-51. 
 
126 
 
Chapter Four: Results  
 
      
 
Figure 4-51  Microstructural features and the orthogonal cutting strategy employed in machining the 
case 2 SLM Ti-6Al-4V sample. 
Similar to the microstructure in the XY plane of case 1 SLM Ti-6Al-4V samples as described 
earlier, the YX plane of case 3 SLM Ti-6Al-4V samples exhibited columnar prior β grains. 
However, in this case, the direction of cutting tool movement was parallel to the prior β grains 
and build direction (along X direction in the YX plane of case 3 SLM Ti-6Al-4V sample) as 
shown in Figure 4-52. 
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Figure 4-52 Microstructural features and the orthogonal cutting strategy employed in machining the case 
3 SLM Ti-6Al-4V sample. 
4.4.3 Cutting forces in orthogonal cutting 
Forces measured during the orthogonal cutting tests are reported in Figure 4-53. It should be 
noted that only two forces operate during orthogonal cutting (as discussed in section 2.3), one 
being parallel to the specimen surface cutting force (Fc), and the other normal to the specimen 
surface and termed thrust force (Ft) (refer Figure 3-5).  
Statistically significant variations in forces during orthogonal cutting tests were observed. The 
highest cutting force of approximately 172 ± 3 N was observed during orthogonal cutting in 
the case 1 SLM Ti-6Al-4V sample. That is when the cutting tool movement was perpendicular 
to the build direction and prior β grains (Figure 4-50). The next highest cutting force was 
observed when the orthogonal cutting was performed parallel to the prior β grains as illustrated 
in (Figure 4-52).  
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The lowest cutting force in SLM Ti-6Al-4V sample (of about 156 N) was observed during 
orthogonal cutting of the case 2 sample, when the cutting tool movement was across the cross-
section of the columnar prior β grains (Figure 4-51). The significant variations observed in 
cutting forces shows that build orientation and prior β grain boundaries influenced the cutting 
forces during orthogonal cutting of SLM Ti-6Al-4V. 
 
 
Figure 4-53 Forces measured during orthogonal cutting trials. 
Orthogonal cutting tests also illustrated that wrought Ti-6Al-4V requires significantly lower 
cutting forces, approximately 13%, for shear deformation and chip formation as compared to 
SLM Ti-6Al-4V, irrespective of the build orientation. The higher cutting forces observed 
during orthogonal cutting of SLM Ti-6Al-4V as compared to conventionally produced wrought 
Ti-6Al-4V are consistent with the turning test force results in chapter 4.2. 
Similarly, Wilms and Aghan [166] found an influence of microstructural directionality (or 
anisotropy) on cutting forces during machining of steel plates. They observed high cutting 
forces during orthogonal cutting along the ferrite-pearlite bands. 
4.4.4 Analysis of chip formation 
Chips were collected after orthogonal cutting of SLM Ti-6Al-4V in different orientations to 
examine the microstructural deformation and chip formation characteristics. Different types of 
chips were generated for different machining cases as shown in Figure 4-54.  
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The chips obtained during orthogonal cutting of the case 1 SLM Ti-6Al-4V samples were flat 
with less chip curling. Chips produced during orthogonal cutting of the case 2 SLM Ti-6Al-4V 
samples exhibited a slightly curled structure as compared to case 1. On the other hand, chips 
obtained from orthogonal cutting of case 3 samples exhibited severe curling compared to chips 
obtained in other cutting conditions. Similar to case 3, a high degree of chip curling was also 
observed during orthogonal cutting of conventionally produced wrought Ti-6Al-4V.  
 
 
Figure 4-54 Macroscopic images of chips obtained from a) case 1, b) case 2, c) case 3 SLM Ti-6Al-4V and 
d) wrought Ti-6Al-4V machining tests. 
Joshi et al. [167] found that chip curling increases with ductility during machining of Al/SiCp 
composite materials. In agreement with their work, the highest amount of chip curling was 
observed during machining of wrought Ti-6Al-4V as compared to SLM Ti-6Al-4V, owing to 
its highly ductile nature. However, the chip curling did not correlate with the ductility during 
orthogonal cutting of SLM Ti-6Al-4V samples. Generally, during tensile testing of AM 
titanium components ductility was found to be highest in vertically built samples and was 
lowest in the horizontally built samples.  
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Poor ductility in the horizontally oriented samples is attributed due to smaller α colony size 
and the high number of grain boundaries that possibly act as a failure site during tensile loading 
[68, 168]. Despite of the smaller α colony size in case 2 samples, high chip curling was 
observed (Figure 4-54), indicating chip curling of SLM Ti-6Al-4V did not correlate with 
microstructural feature or ductility.  
In addition to the above observations, it can also be seen that high cutting forces are required 
to form flat chips, whereas, low cutting forces are required to form curled chips. This is in 
agreement with the work of Wilms and Aghan [166] during orthogonal cutting of steel samples. 
Overall, the effect of microstructural anisotropy in SLM Ti-6Al-4V (as described in section 
4.4.2) was also observed in the chips produced from the orthogonal cutting tests, illustrating 
that the build orientation had strong influence on the nature of chip formation. 
In order to gain further insights into the effect of anisotropy of SLM Ti-6Al-4V on chip 
formation, the machined chips were mounted and observed using a SEM to study the 
morphological characteristics of the chips such as chip thickness and chip roughness ratio. 
Figure 4-55 shows the SEM images of the cross-sections of the chips obtained from orthogonal 
cutting. In contrast to the chip curl results, it was observed that there were no noticeable 
differences in chip morphology during machining of SLM Ti-6Al-4V in different orientations. 
However, there was variation in chip morphological characteristics of wrought Ti-6Al-4V and 
SLM Ti-6Al-4V similar to the results reported in turning trials in the previous chapter (section 
4.3.2). 
Chip morphological characteristics of chips formed under different cutting conditions are 
reported in Figure 4-56. Chip thickness refers to the thickness of the chip whereas the chip 
roughness ratio is defined as ratio of the standard deviation of chip thickness from the average 
chip thickness. There was no significant difference in chip thickness for the different 
orthogonal cutting conditions (Figure 4-56). However, there were variations in the chip 
roughness ratio or chip segmentation ratio, which measures the tendency toward segmentation 
in the chips during chip formation (described in 4.3.4). Case 2 SLM Ti-6Al-4V had the highest 
tendency to form segmented chips followed by the case 1 and case 3 SLM Ti-6Al-4V samples. 
On the other hand, wrought Ti-6Al-4V samples had the lowest tendency to form segmented 
chips. The lower tendency of wrought Ti-6Al-4V to form segmented chips as compared to 
SLM Ti-6Al-4V is consistent with the results obtained from the turning tests in the previous 
chapter (section 4.3.4). 
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Figure 4-55 Cross-section of chips obtained from orthogonal cutting of a) case 1, b) case 2, c) case 3 of 
SLM Ti-6Al-4V and d) wrought Ti-6Al-4V. 
 
Figure 4-56 Chip thickness (in mm) and chip roughness ratio of the machined chips. 
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Microstructural deformation present in the chips after orthogonal machining tests was studied 
to gain further understanding of the chip formation process. Original microstructures of the 
work materials were correlated with the microstructures of the chips obtained after machining 
tests to evaluate the changes occurring during machining. Figure 4-57, 4-58, 4-59 and 4-60 
show the higher magnification SEM images obtained after orthogonal cutting of SLM Ti-6Al-
4V samples and the wrought Ti-6Al-4V. 
Shear bands were not visible in the chips as observed in the previous chapter (section 4.3.5). 
This is because the orthogonal cutting tests in this chapter were performed at significantly 
lower cutting speeds (1 mm/s) than the critical speeds required for the onset of shear 
localisation. Zhen and Komanduri [163] predicted that shear localisation in machining Ti-6Al-
4V occurs above cutting speed of 0.15 m/s (9 m/min). 
In chips obtained from orthogonal cutting of SLM Ti-6Al-4V, columnar prior β grains and 
cross sections of the columnar prior β grains appear to be squeezed in the shear plane (see 
Figure 4-57, 4-58 and 4-59. Heavy deformation was observed in the β grains along the shear 
plane. The deformed prior β grains are oriented at approximately 25 to 45o with the base of the 
chip after shear deformation in orthogonal cutting. In the original microstructure, the prior β 
grains were oriented at an angle of 90o. The orientation of the prior β grains in the chips 
corresponds well with the shear angle observed during machining of Ti-6Al-4V [89]. 
Simonelli et al. [68] found that, during tensile deformation of SLM Ti-6Al-4V in different 
microstructural orientations, cracks propagated along the grain boundaries in the 
microstructure, confirming intergranular fracture. However, in the microstructural observation 
of the machined chips, the failure between the segments in the shear plane took place by 
deformation of the prior β grains. The majority of the failure is found to have occurred by 
plastic deformation through the grains and there was no clear evidence of failure in the prior β 
grain boundaries. These differences in failure characteristics might be due to the difference in 
loads and the modes of loading that the material is subjected to during tensile testing and 
machining. During tensile testing, tensile loads act in a unidirectional manner, whereas, in 
machining, a combination of shear stress, tensile stress and compression stress can occur in the 
primary deformation zone.  
From the SEM images, secondary shear can be observed at the base of the chips due to friction 
between the tool and work material. Secondary shear is evident from high deformation of the 
β grains in the base of the chips due to the softness of the β phase compared to α phase.  
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Wilms and Aghan [166] found that the extent of secondary shear was most extensive when the 
amount of chip curl was least. However, in this present study, secondary shear is more evidently 
visible for highly curled chip samples, indicating the difference in machining deformation 
behaviour of steels and titanium alloys. 
 
 
Figure 4-57 Higher magnification SEM image of the chips obtained after orthogonal cutting of case 1 
SLM Ti-6Al-4V. 
a) 
Prior β grains 
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Figure 4-58 Higher magnification SEM image of the chips obtained after orthogonal cutting of case 2 
SLM Ti-6Al-4V. 
 
 
Figure 4-59 Higher magnification SEM image of the chips obtained after orthogonal cutting of case 3 
SLM Ti-6Al-4V. 
c) 
Columnar prior β 
grains 
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Figure 4-60 Higher magnification SEM image of the chips obtained after orthogonal cutting of wrought 
Ti-6Al-4V. 
4.4.5 Surface topography 
The surfaces resulting from orthogonal cutting of SLM Ti-6Al-4V in different orientations and 
those of the wrought Ti-6Al-4V were studied and compared to understand the influence of 
build orientation and microstructure on machined surface finish. Images of the machined 
surfaces are shown in Figure 4-61. Case 1 SLM Ti-6Al-4V exhibited a smooth surface 
compared to the sawtooth surface profile observed in case 2 and case 3 SLM Ti-6Al-4V. In 
addition, it was observed that the machined surface topography of SLM Ti-6Al-4V was smooth 
as compared to wrought Ti-6Al-4V. 
The unstable BUE commonly formed on the cutting edge during chip formation can be 
redeposited on the machined surface during machining of titanium, affecting the surface 
quality. The previous chapter illustrated that the tendency of BUE formation is higher in 
wrought Ti-6Al-4V as compared to SLM Ti-6Al-4V during the turning operation (refer section 
4.3.6). In agreement with the previous chapter, heavy deposition of fragments of work material 
on the machined surface was observed for wrought Ti-6Al-4V. The differences in surface finish 
of SLM Ti-6Al-4V with different build orientations can be rationalised by the difference in 
machined chip types. The flat chip type observed after case 1 for SLM Ti-6Al-4V illustrates 
shear deformation with less tool-chip friction and improved surface quality. 
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Figure 4-61 Optical images of the machined surface of a) case 1, b) case 2, c) case 3 SLM Ti-6Al-4V 
samples, and d) wrought Ti-6Al-4V. 
4.4.6 Sub-surface microstructure and hardness 
The cross-sections of the machined surface after machining these materials were studied to 
understand the sub-surface microstructural alterations. Mechanical and thermal stresses acting 
on the surface during machining resulted in elongation and straining of the grains beneath the 
machined surface. Figure 4-62 shows the microstructural alterations beneath the machined 
surface in SLM and wrought Ti-6Al-4V.  
In case 1 SLM Ti-6Al-4V samples, the deformation of the lamellar grains in the direction of 
cutting can be clearly seen. The grain bent approximately 30o with the machined surface 
(Figure 4-62). In case 2 and case 3 samples, the bending of the grains was approximately 
oriented to 35-45o. On the other hand, the bending of the wrought Ti-6Al-4V grains was 
approximately oriented to 20o.  
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These observed microstructural orientations illustrates heavier deformation in microstructure 
beneath the machined surface of SLM and wrought Ti-6Al-4V samples due to high mechanical 
and thermal loading during machining.  
 
  
Figure 4-62 SEM images of the cross-section of the machined surface showing the machining affected 
zone in a) case 1, b) case 2, c) case 3 SLM Ti-6Al-4V samples, and d) wrought Ti-6Al-4V. 
Hardness of the machined samples were evaluated to study the strain hardening beneath the 
machined surface of the materials to give further insight into the microstructural deformation. 
There were no significant trends observed in the graphs to characterise the strain hardening and 
variations of hardness beneath the machined surface, despite the difference in deformation of 
the grains in the 5-10 µm immediately under the surface (Figure 4-63).  
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However, hardness of the orthogonally cut samples were about ~17- 23 % higher near the 
machined surface for all materials illustrating the strain hardening beneath the machined 
surface.  
 
Figure 4-63 Sub-surface microhardness profiles of SLM and wrought Ti-6Al-4V samples. 
4.4.7 Summary 
The influence of prior β grain boundaries and build direction on mechanical properties such as 
yield strength, tensile strength, ductility and hardness of AM fabricated Ti-6Al-4V components 
have been the subject of intense research [12, 68, 71, 136]. Despite the consequences of build 
orientation on mechanical properties, there is no available literature discussing the influence of 
build orientation on machinability characteristics. This research, primarily undertaken to 
improve the knowledge on influence of build orientation on machinability found that:  
• Cutting forces are higher during orthogonal cutting of case 1 SLM Ti-6Al-4V across prior 
β grains (or perpendicular to build direction) compared to case 2, case 3 and wrought 
samples. 
• Influence of build orientation resulted in differences in chip curling of SLM Ti-6Al-4V. 
Heavier chip curling was observed for case 2 and case 3 SLM Ti-6Al-4V indicating that 
the sticking phenomenon and intense friction occurred between the tool-chip interfaces.  
• In addition, intense deformation of the prior β grains was observed in the shear plane of 
SLM fabricated titanium chip samples due to normal and shear stresses during machining. 
Secondary shear deformation was higher for severely curled chip samples. 
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• In relation to the chip morphology, no significant difference was observed in chip thickness. 
However, the highest tendency for chip segmentation was observed in SLM Ti-6Al-4V 
(specifically in case 2 sample), followed by case 1 and case 3 SLM Ti-6Al-4V sample and 
wrought Ti-6Al-4V samples. 
• Machining of SLM Ti-6Al-4V samples across the prior β grains (case 1 SLM Ti-6Al-4V) 
yielded superior surface finish as compared to other machining strategies due to a lack of 
intense friction between tool and chip and indicated by flat chips. 
Overall, in relation to practical issues, the results obtained in the slow speed orthogonal tests 
are similar to the results obtained from turning trails in the previous chapter. These highlight 
the practical importance of microstructure and build orientation effects on the machinability of 
SLM Ti-6Al-4V. The overall results have potential to play a major role in manufacturing 
industries to design the machining process and strategy for high quality production of AM 
components. In addition, further investigations should be undertaken to explain the influence 
of build orientation on machining induced microstructural alterations and sub-surface 
microhardness. 
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5 Discussions, conclusions and future work 
5.1 Discussions 
Selective laser melting is emerging as a promising additive manufacturing technology for high 
quality manufacturing of titanium (Ti-6Al-4V) components. However, the poor surface quality 
of fabricated components and the difficulties experienced in fabricating overhang structures 
remain as great challenges in utilising this technology. Introducing machining in the AM 
manufacturing route can help improve the productivity and surface quality in SLM technology. 
Considering this, an in-depth study of material and machinability characteristics of SLM 
fabricated Ti-6Al-4V compared to wrought Ti-6Al-4V was undertaken to improve the 
understanding of the material behaviour and machinability behaviour of components fabricated 
from different manufacturing processes.  
This chapter reviews the experimental results from the previous chapters and explains how the 
material characteristics influence machinability and chip formation during machining of these 
components.  
5.1.1 Microstructural features and mechanical properties of selective laser melted 
titanium alloys (Ti-6Al-4V) 
The service life of Ti-6Al-4V components is determined by microstructure and mechanical 
properties, which are influenced by thermomechanical treatment during the manufacturing 
process. SLM technology has a huge potential in replacing time consuming and expensive 
conventional manufacturing methods for production of titanium end components. Literature 
studies show that SLM technology can be used to produce highly dense (~ 99 %) components 
with great accuracy and mechanical properties comparable to conventionally produced 
wrought components [11, 57]. However, significant understanding of how SLM influences 
material characteristics is required to ensure high product quality and superior performance. 
Components fabricated from SLM and conventional manufacturing technology were subjected 
to microscopic examination, tensile tests and hardness tests to understand the material 
characteristics.  In addition, the influence of a standard stress relieving heat treatment on 
microstructure and mechanical properties was also studied. The material characteristics of 
SLM fabricated Ti-6Al-4V alloy was compared with conventionally produced wrought Ti-6Al-
4V to understand the influence of manufacturing process on product quality. 
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Compared to conventionally produced wrought Ti-6Al-4V with an equiaxed α + β structure, 
SLM fabricated Ti-6Al-4V alloys in the “as built” condition consisted of a martensitic 
microstructure with fine α’ laths. These microstructures are a result of the rapid cooling rate 
typically observed in the SLM process. The microstructures can be modified either by adjusting 
the SLM process parameters or by heat treatment to produce high quality components with 
superior properties [57, 72, 73]. The heat treatment applied in this research work to relieve 
residual stresses and to improve the mechanical properties resulted in the microstructure of the 
SLM fabricated Ti-6Al-4V component transforming from a fine α’ martensitic microstructure 
to a coarse lamellar α + β equilibrium microstructure. Similar microstructural transformations 
from α’→α+β due to heat treatment of SLM Ti-6Al-4V fabricated components have been 
observed by other researchers [54, 69].   
 Tensile tests and hardness tests show that SLM Ti-6Al-4V in both “as built” and “heat treated” 
conditions had higher yield strength, tensile strength and hardness due to the martensitic (α’) 
and lamellar (α+β)  microstructures compared to the conventionally produced wrought Ti-6Al-
4V with largely equiaxed (α+β)  microstructure. However, the ductility as determined by 
elongation, of the SLM fabricated Ti-6Al-4V (A.B/H.T) was significantly lower than that of 
the conventionally produced wrought Ti-6Al-4V. Poor elongation in SLM fabricated titanium 
alloys due to the martensitic (α’) microstructure is widely reported and a result of the rapid 
cooling rates involved [12,132].  
In this research work, the heat treatment applied to relieve residual stress and improve the 
properties slightly increased the ductility of SLM fabricated Ti-6Al-4V alloy due to conversion 
of α’→α+β mixture and an increase in α lath size. Similar increase in ductility of SLM 
fabricated Ti-6Al-4V alloy have been observed due to the heat treatment and hot isostatic 
pressing [54,73]. It is notable that Murr et al. [33] found that Ti-6Al-4V fabricated from the 
EBM technology had higher elongation compared to wrought ASTM grade 5 Ti-6Al-4V alloy 
due to its equilibrium α+β lamellar microstructure, which opens up the possibility of tailoring 
a heat treatment for SLM alloys to obtain a microstructure with greater ductility. The results 
obtained from the work in this thesis indicate that microstructural control during SLM 
processing and parameter optimisation could further improve the mechanical properties. This 
offers potential for the application of SLM technology to produce high quality components 
with high productivity. Fractured surfaces of tensile samples were examined to understand the 
nature of tensile failure and plastic deformation.  
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Observations of the fractured surfaces of SLM Ti-6Al-4V (A.B/H.T) materials revealed 
terrace-like features, cleavage facets and shallow dimples. These features are similar to fracture 
surface features of other high strength metal alloys during tensile loading, and are indicative of 
the brittle behaviour of SLM fabricated Ti-6Al-4V [135]. The fracture surface of wrought Ti-
6Al-4V had the classic dimpled structure formed by void nucleation, growth and coalescence 
indicating a high level of plastic deformation and confirming the ductile behaviour of wrought 
titanium alloy observed during tensile loading. Overall, these results provided significant 
knowledge on how the manufacturing methods employed in fabricating a component can 
influence the microstructural and mechanical properties. Moreover, it was reasonable to expect 
that the observed differences in microstructural and mechanical properties of Ti-6Al-4V 
components fabricated from these different manufacturing methods would influence 
machinability and chip formation. Machining tests were performed on the conventional and 
AM fabricated Ti-6Al-4V components to study the influence of microstructural features and 
mechanical properties on machinability and chip formation.  
5.1.2 Machinability of selective laser melted titanium alloys 
Machinability tests were undertaken to understand the machining characteristics of SLM 
fabricated Ti-6Al-4V alloy, so that machining can be introduced in the AM (or SLM) 
manufacturing process route to ensure high quality production of end components. In addition, 
machining studies can help design optimum cutting conditions to achieve desired surface 
quality for machining of Ti-6Al-4V manufactured from this new SLM technology.  Machining 
tests were performed on SLM Ti-6Al-4V in both “as built” and “heat treated” conditions along 
with conventionally produced Ti-6Al-4V to comparatively study the machinability 
characteristics of the materials such as tool wear, cutting forces and surface integrity. 
These tests revealed that high tool wear was observed in machining of SLM Ti-6Al-4V 
(A.B/H.T) materials when compared to conventionally produced titanium Ti-6Al-4V alloys. 
This can be attributed to the differences in microstructural features and mechanical properties, 
particularly the high strength and hardness of the SLM Ti-6Al-4V resulting in, increasing shear 
deformation resistance and intense friction. In addition, it was found that tool wear increased 
significantly with cutting speeds during machining of SLM Ti-6Al-4V (A.B/H.T) materials 
unlike wrought Ti-6Al-4V where the tool wear remained low for all speeds tested. Coating 
delamination, adhesion, attrition, diffusion-dissolution and chipping were found to be some of 
the major tool wear mechanisms during machining of SLM Ti-6Al-4V components. While 
mainly adhesion and abrasion occurred during machining of the wrought alloy.  
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A similar study of machinability of titanium components fabricated from EBM technology 
reveal high tool wear and poor machinability characteristics of AM components compared to 
conventionally produced wrought components [39,41]. However, EBM fabricated titanium 
components consists of an equilibrium α+β microstructure compared to the martensitic 
microstructure (α’) in SLM components and it would be an interesting future study to compare 
the machinability of SLM and EBM fabricated titanium alloys to understand how different AM 
technologies will influence machinability. 
Cutting forces were observed to be high during machining of SLM fabricated Ti-6Al-4V 
(A.B/H.T) compared to conventionally produced titanium alloy due to the high shear 
deformation resistance of SLM Ti-6Al-4V materials opposing plastic deformation during chip 
formation. High shear deformation resistance of SLM Ti-6Al-4V (A.B/H.T) is possibly due to 
its material characteristics such as high strength and hardness [83, 91]. The applied heat 
treatment did not reduce the cutting forces as expected, despite the slight reduction in strength 
and hardness of the alloy. During machining of SLM Ti-6Al-4V (A.B/H.T) materials, the 
cutting forces increased drastically with cutting speeds due to an increase in cutting temperature 
and chip welding unlike wrought Ti-6Al-4V. This demonstrates the poor machining behaviour 
of the SLM materials at high cutting speeds. 
Surface finish of the machined parts plays a major role in influencing the functional 
performance of manufactured components. Machined surface finish is dependent on the 
material characteristics of the work material and cutting parameters employed during 
machining [91,148]. In this work, the high hardness of SLM Ti-6Al-4V (A.B/H.T) resulted in 
better surface finish as compared to the wrought counterpart at low cutting speeds due to less 
plastic side flow in the machined surface. This indicated that low machining speeds can yield 
superior surface quality of the components, ensuring good product quality and performance. 
However, at high cutting speeds, severe tool wear resulted in plastic flow and re-deposition of 
chip material on the machined surface, damaging the machined surface quality as reported by 
various authors in the literature [80,110,112]. Microstructural examination of the cross-section 
of the machined surface found severe plastic deformation beneath the machined surface 
indicated by grain bending along the direction of the cutting speed. The depth of the plastic 
deformation increased with cutting speed during machining of the SLM Ti-6Al-4V materials, 
indicating the importance of controlling cutting speed and tool wear during machining of AM 
(or SLM) fabricated titanium components to minimise plastic deformation of the surface. 
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Overall, material characteristics played a paramount role in influencing the machinability of 
the material. It was found that machinability of SLM Ti-6Al-4V (A.B/H.T) is poor compared 
to conventionally produced wrought Ti-6Al-4V due to its martensitic (α’)/lamellar 
microstructure (α+β) and its consequent high strength and hardness causing high rates of tool 
wear. In addition, applied heat treatment and conversion of α’→α+β did not drastically improve 
the machinability of SLM Ti-6Al-4V. 
5.1.3 Chip morphological characteristics and nature of chip formation 
Chip formation plays a vital role in influencing tool wear and surface quality during machining 
of titanium alloys due to tool-workpiece interactions and build up edge formation. The 
observed differences in mechanical properties and machinability characteristics of SLM 
fabricated titanium alloys and conventionally produced titanium alloys require further 
examination of chip morphology and formation to explore the underlying machining nature of 
these materials and to explain how these material characteristics of the Ti-6Al-4V affect the 
machining behaviour. This could also guide optimisation of the cutting conditions during 
machining to ensure high productivity, superior surface quality and product performance. 
In the literature review (section 2.3.6), titanium alloys were shown to produce “catastrophic 
shear failed” chips or “sawtooth” chips and these are influenced by cutting conditions during 
machining [124,125,128]. Considering the lack of understanding of chip formation 
characteristics of SLM fabricated Ti-6Al-4V and the importance of chip formation in 
machinability studies, the influence of work material characteristics on chip morphology, 
mechanism of chip formation and work hardening characteristics were investigated using 
machined chips and frozen chip samples obtained from a quick stop device. In addition, build 
up edge formed during machining was investigated to explain the difference in machining 
behaviour of Ti-6Al-4V fabricated from conventional and SLM technology. 
During machining of SLM Ti-6Al-4V (A.B/H.T), it was found that “catastrophic shear failed” 
or “sawtooth” chips were produced at all cutting speeds. This is the same for conventionally 
produced wrought Ti-6Al-4V alloy. Nevertheless, there were differences in chip formation 
characteristics during machining of Ti-6Al-4V produced from these two different 
manufacturing methods. These can be related to the difference in material characteristics.  
It was observed that chip formation during machining of SLM fabricated Ti-6Al-4V (A.B/H.T) 
was due to catastrophic failure/fracture due to high susceptibility to cracking of SLM materials 
due to poor ductility.  
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However, large strain plastic deformation was involved in chip formation of wrought Ti-6Al-
4V due to accommodation of plastic deformation in chip segments as described by Black and 
Ramalingam [155,156]. The difference in chip formation characteristics demonstrates how the 
difference in ductility of Ti-6Al-4V fabricated from these two different manufacturing can 
influence chip formation during machining.  
In addition, it was found that the degree of chip segmentation was dependent on the work 
material characteristics and cutting speeds during machining of these materials. High chip 
segmentation in SLM titanium alloy is possibly due to periodic crack initiation, high hardness 
and brittleness as described by Shaw et al. [128]. Also, similar to conventionally produced 
titanium alloys, the degree of chip segmentation of SLM Ti-6Al-4V increased with cutting 
speeds due to increases in temperature and strain rates as reported by other researchers 
[121,130,131]. 
 Microstructural examination of the SLM Ti-6Al-4V chip samples reveal shear localisation and 
the presence of cracks traversing along the cross section of the machined chips in primary and 
secondary deformation zones for all cutting speeds employed, indicating that periodic crack 
initiation is the root cause for sawtooth chip formation in machining of SLM Ti-6Al-4V. These 
cracks were not observed in conventionally produced wrought Ti-6Al-4V. Previous work also 
agrees with the absence of cracks during chip formation of conventionally produced wrought 
titanium (Ti-6Al-4V) alloy [127,154]. Further analysis on the frozen chip samples obtained 
from the “quick-stop” device reveal that SLM Ti-6Al-4V components have lower tendency for 
plastic flow and formation of build up edge as compared to wrought Ti-6Al-4V. Build up edge 
is commonly observed in titanium alloys and is shown to have detrimental effects on machined 
surface quality [125,165]. However, the absence of evidence of build up edge and reduced 
plastic flow observed in the primary deformation zone of SLM Ti-6Al-4V frozen chip samples 
highlights the difference in chip formation behaviour of Ti-6Al-4V fabricated from two 
different manufacturing methods. In addition, reduced plastic flow and less material deposition 
on the machined surface of SLM Ti-6Al-4V materials compared to wrought Ti-6Al-4V, further 
confirms the influence of chip formation on machined surface quality, illustrating that SLM 
Ti-6Al-4V materials can offer superior surface quality during machining at low cutting speeds. 
Microhardness studies of the chip samples were performed to understand the work hardening 
characteristics of the tested work materials during machining. High hardness was observed 
inside shear bands of the chips for all machined materials  indicating work hardening due to 
possible phase transformations and heavy deformation of the α and β phases.  
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Wan et al. [162] found that increasing cutting speeds result in increased deformation and phase 
transformation in adiabatic shear bands in the chip samples during machining of titanium 
alloys. However, despite higher deformation in shear bands due to an increase in cutting speeds, 
there was no increase in hardness of the shear bands and this could be a potential for future 
study to understand the effect of cutting speeds on shear banding and hardness. 
Overall, chip formation was influenced by material characteristics, cutting conditions during 
machining of wrought, and SLM fabricated titanium Ti-6Al-4V alloys. One key findings of 
this work is that chip formation during machining of SLM fabricated titanium Ti-6Al-4V alloys 
is due to periodic crack initiation. The second key finding is that SLM Ti-6Al-4V alloys have 
low tendency to form build up edge compared to the conventionally produced wrought Ti-6Al-
4V.  
5.1.4 Influence of build orientation in selective laser melted titanium alloy (Ti-6Al-4V) 
on machinability 
In the literature review (section 2.2.3), it was shown that build orientation influences the 
microstructural features and mechanical properties of SLM fabricated titanium alloys [12, 68]. 
Columnar grains are observed in the direction of building and cross sections of columnar prior 
β grains are observed in the top surface of SLM built samples [55, 59]. Available literature 
sources confirm the influence of this microstructural anisotropy on altering mechanical 
properties [12, 68]. However, there are no available studies addressing the influence of 
microstructural anisotropy and prior β grain orientation on machinability of SLM fabricated 
Ti-6Al-4V. Knowledge of this research could be used to design better machining and 
manufacturing strategies for producing components with superior surface quality and high 
performance.  
To investigate the influence of microstructural anisotropy or prior β grain orientation on 
machinability, orthogonal cutting was performed using a specially designed tool in a milling 
machine in three different strategies. i.e. a) cutting across the prior β grains, b) cutting along 
the cross section of the prior β grains and c) cutting parallel to the prior β grains. Machinability 
characteristics such as cutting forces, surface finish and chip formation were investigated to 
study the influence of build orientation/prior β grain orientation on machinability 
characteristics of SLM Ti-6Al-4V components. Cutting forces measured during orthogonal 
cutting tests reveal that significant variation occurred during orthogonal cutting of SLM Ti-
6Al-4V samples using three different orientations.  
147 
 
Chapter Five: Discussions, conclusions and future work  
 
The highest cutting force (~15 % higher) was observed during orthogonal cutting of SLM Ti-
6Al-4V across the prior β grains and the lowest cutting force was observed during cutting along 
the cross section of the prior β grains, indicating that machining across the cross section of 
prior β grains is highly efficient compared to other machining strategy. 
Chip curling and chip roughness ratio of the machined chips varied with machining strategy 
and build orientation. Joshi et al. [167] attributed chip curling increased with ductility. 
However, in this research work, poor ductility as a result of small α colony size and high 
number of grain boundaries resulted in high chip curling, revealing that chip formation did not 
correlate with microstructural feature or ductility during orthogonal cutting of SLM Ti-6Al-
4V. 
SLM Ti-6Al-4V samples cut orthogonally across the prior β grains had superior surface quality 
compared to other orientations, possibly due to the flat chip type and reduced shear deformation 
with less tool-chip friction. Sub-surface microstructure and hardness investigations reveal 
straining of grains and strain hardening beneath the machined surface of SLM Ti-6Al-4V due 
to the high level of plastic deformation beneath the machined surface as a result of high 
temperature and cutting pressure during machining. However, sub surface microstructural 
alterations and hardness of the machined sub surface did not reveal an influence of build 
orientation on surface integrity as reported by Brinksmeier [138]. 
Overall, the results have a potential to play a vital role in manufacturing industries to design 
the machining process and strategy for high quality production of AM components. In addition, 
the slow speed orthogonal tests performed on wrought Ti-6Al-4V samples for comparison 
purposes indicate good agreement with turning tests results such as surface finish highlighting 
the practical importance of microstructure and build orientation on machinability 
characteristics of materials. 
5.2 Conclusion 
 Mechanical properties  
• Yield strength, tensile strength and hardness were found to be high for SLM Ti-
6Al-4V (in both “as built” and “heat treated” conditions) as compared to wrought 
Ti-6Al-4V. However, SLM fabricated titanium parts lacked significantly in 
ductility as compared to wrought Ti-6Al-4V.  
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• Conversion of the martensitic microstructure (α’ laths) in “as built” SLM Ti-6Al-
4V to a lamellar microstructure (α+β) during heat treatment influenced the 
mechanical properties such as strength and hardness and improved ductility. 
 Machinability study 
• Coating delamination, adhesion, abrasion, attrition, diffusion-dissolution and 
chipping were found to be the major tool wear mechanisms in machining of SLM 
Ti-6Al-4V (A.B/H.T). Considering tool wear, cutting forces and surface integrity, 
SLM Ti-6Al-4V (A.B/H.T) materials are difficult to machine compared to wrought 
Ti-6Al-4V components. 
• Heat treatment and the consequent conversion of α’ acicular martensitic 
microstructure to α+β lamellar microstructure did not significantly improve the 
machinability characteristics of SLM Ti-6Al-4V. However, machining SLM Ti-
6Al-4V at low cutting speeds yielded better surface finish compared to wrought Ti-
6Al-4V due to reduced plastic flow, improving product quality and performance. 
• Poor machinability of SLM Ti-6Al-4V can be attributed due its high shear 
deformation resistance as a result of the high strength and hardness of SLM Ti-6Al-
4V due to its α’ martensitic (A.B) / (α+β) lamellar (H.T) microstructure. 
 Chip formation study 
• Machining of SLM Ti-6Al-4V produced catastrophic shear failed or sawtooth chips 
with cracks traversing along the cross section of the machined chips. The 
mechanism of chip formation is primarily due to crack initiation in the primary 
deformation zone along the shear plane. In addition, the tendency to form build up 
edge is lower in machining of SLM Ti-6Al-4V as compared to wrought Ti-6Al-4V, 
possibly due to the α’ martensite/α+β lamellar microstructure having high hardness, 
poor ductility and a greater tendency for crack initiation. 
• With the increase in cutting speeds, a transition from aperiodic to periodic 
segmentation of the chip was observed due to high strain rate, temperature and shear 
localisation in primary deformation zone.   
•  Microhardness profiles on the cross sectional surface of the chip region illustrated 
severe work hardening in adiabatic shear bands due to highly localised deformation 
of α (or α’) and β phases. 
 
149 
 
Chapter Five: Discussions, conclusions and future work  
 
 Build orientation effects on machinability 
• Various orthogonal cutting strategies employed in SLM Ti-6Al-4V revealed that 
cutting forces, chip formation and surface topography are influenced by the 
orientation of prior β grains.  
The most easily machined is orthogonal cutting across the cross-section of the prior 
β grains, as low cutting forces and superior surface finish was observed. 
• The cutting forces and surface finish results obtained from the slow speed 
orthogonal cutting tests are similar to the results obtained from turning tests, 
highlighting the practical importance of microstructure and build orientation on 
machinability of SLM Ti-6Al-4V. 
5.3 Future work 
AM technology can fabricate Ti-6Al-4V components with mechanical properties comparable 
to conventionally produced wrought Ti-6Al-4V. However, poor ductility of additive 
manufactured components is of concern for utilising this technology to manufacture critical 
components in aerospace and automotive industries. Investigation of mechanical properties 
after Hot Isostatic Pressing (HIP) and various heat treatment cycles may further improve the 
applications of this technology in different industries. In addition, it would be interesting to 
perform comparative studies of mechanical properties of Ti-6Al-4V components fabricated 
from different AM technologies.  
Machinability studies during hybrid manufacturing (additive manufacturing subsequently 
followed by machining) can help in development and advancement of additive manufacturing 
technology and yield new dimensions in to machining research and AM research. Moreover, 
hybrid-manufacturing technologies can further improve the productivity of the components by 
reducing the process time. In addition, machinability studies of SLM Ti-6Al-4V under various 
heat treatment conditions could also further improve the productivity and product quality. 
Considering the poor machinability of AM components, machining studies of AM components 
using advanced machining techniques such as cryogenic machining, thermally assisted 
machining and vibration assisted machining could further improve the knowledge on 
machining and machinability behaviour of additive manufactured components. 
In this work, machinability of additive manufactured titanium alloys was studied using a 
turning operation. Machinability studies using different machining operations such as milling 
and drilling could further shed some light on machinability of additive manufactured alloys. 
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Specifically, end milling of AM fabricated components considering the complex 3D structures 
of end components could provide interesting insights and knowledge to the machining 
community. 
Chip formation plays a major role in influencing the machinability of materials. Understanding 
the microstructural evolution of chip segments and adiabatic shear band regions of additive 
manufactured materials using TEM could provide new insights and further improve the 
understanding of machinability and chip formation nature. Chip formation studies for a wide 
range of cutting conditions could also further improve the understanding of machinability of 
additive manufactured components at different strain rates. 
Finite element modelling (FEM) is a powerful tool in understanding the deformation behaviour 
of materials in metal cutting. Lack of plastic deformation models of AM fabricated components 
limits the use of FEM simulations in metal cutting and material testing to study the nature of 
deformation zones. Developing physics-based FEM models to study the machining of additive 
manufactured titanium alloys could help in further understanding the nature of deformation 
and chip formation. 
 
 
 
 
 
151 
 
 
 
6 References 
1. Leyens, C. and M. Peters, Titanium and titanium alloys: fundamentals and 
 applications. 2003: Wiley. 
2. Lütjering, G. and J.C. Williams, Titanium. 2007: Springer. 
3. Peters, M., et al., Titanium alloys for aerospace applications. Advanced Engineering 
 Materials, 2003. 5(6): p. 419-427. 
4. Froes, F.H., et al., Titanium in the family automobile: the cost challenge. The Journal 
 of the Minerals, Metals, and Materials Society,TMS, 2004.  56(2): p. 40-44. 
5. Boyer, R.R., An overview on the use of titanium in the aerospace industry. Materials 
 Science and Engineering: A, 1996. 213(1–2): p. 103-114. 
6. Boyer, R.R., Attributes, characteristics, and applications of titanium and its alloys. 
 JOM, 2010. 62(5): p. 21-24. 
7. Mitchell, A., Melting, casting, and forging problems in titanium alloys. Journal of 
 metals,The Journal of the Minerals, Metals, and Materials Society,TMS 1997. 
 49(6): p. 40-42. 
8. Seagle, S.R., K.O. Yu, and S. Giangiordano, Considerations in processing titanium. 
 Materials Science and Engineering: A, 1999. 263(2): p. 237-242. 
9. Frazier, W.E., Metal additive manufacturing: a review. Journal of Materials 
 Engineering and Performance, 2014. 23(6): p. 1917-1928. 
10. Guo, N. and M.C. Leu, Additive manufacturing: technology, applications and research 
 needs. Frontiers of Mechanical Engineering, 2013. 8(3): p. 215-243. 
11. Calignano, F., Design optimization of supports for overhanging structures in aluminum 
 and titanium alloys by selective laser melting. Materials & Design, 2014. 64(0): p. 203-
 213. 
12. Chlebus, E., et al., Microstructure and mechanical behaviour of Ti―6Al―7Nb alloy 
 produced by selective laser melting. Materials Characterization, 2011. 62(5): p. 488-
 495. 
13. Edwards, P. and M. Ramulu, Fatigue performance evaluation of selective laser melted 
 Ti–6Al–4V. Materials Science and Engineering: A, 2014. 598(0): p. 327-337. 
152 
 
 
 
14. Gebhardt, A., et al., Additive manufacturing by selective laser melting the realizer 
 desktop machine and its application for the dental industry. Physics Procedia, 2010. 5, 
 Part B(0): p. 543-549. 
15. Murr, L.E., et al., Microstructure and mechanical behavior of Ti–6Al–4V produced by 
 rapid-layer manufacturing, for biomedical applications. Journal of the Mechanical 
 Behavior of Biomedical Materials, 2009. 2(1): p. 20-32. 
16. Gibson, I., D.W. Rosen, and B. Stucker, Additive manufacturing technologies: rapid 
 prototyping to direct digital manufacturing. 2009: Springer. 
17. Gibson, I., D.W. Rosen, and B. Stucker, Additive manufacturing technologies. Vol. 
 238. 2010: Springer. 
18. Lütjering, G., Influence of processing on microstructure and mechanical properties of 
 (α+ β) titanium alloys. Materials Science and Engineering: A, 1998. 243(1): p. 32-45. 
19. Banerjee, D. and J.C. Williams, Perspectives on titanium science and technology, The 
 Diamond Jubilee Issue – Materials challenges in tommorrow’s world selected 
 topics in materials science and engineering, Elseiver, Acta Materialia, 2013. 61(3): p. 
 844-879. 
20. Pederson, R., Microstructure and phase transformation of Ti-6Al-4V, PhD 
 thesis,  Department of applied physics and mechanical engineering, Division of 
 engineering materials, Lulea University of Technology, 2002. 
21. Ahmed, T. and H.J. Rack, Phase transformations during cooling in α+β titanium alloys. 
 Materials Science and Engineering: A, 1998. 243(1–2): p. 206-211. 
22. Qazi, J.I., et al., Phase transformations in Ti-6Al-4V alloys. Metallurgical and 
 Materials Transactions A, 2001. 32(10): p. 2453-2463. 
23. Marco Simonelli, Microstructural evolution and mechanical properties of selective 
 laser melted Ti-6Al-4V, in School of Aeronautical, Automotive, Chemical and 
 Materials Engineering, Department of Materials. 2014, Loughborough University. 
24. Pramanik, A., Problems and solutions in machining of titanium alloys. The 
 International Journal of Advanced Manufacturing Technology, 2014. 70(5-8): p. 919-
 928. 
153 
 
 
 
25. Ezugwu, E.O. and Z.M. Wang, Titanium alloys and their machinability—a review. 
 Journal of Materials Processing Technology, 1997. 68(3): p. 262-274. 
26. Mitchell, A., Melting, casting and forging problems in titanium alloys. Materials 
 Science and Engineering: A, 1998. 243(1–2): p. 257-262. 
27. Cui, C., et al., Titanium alloy production technology, market prospects and industry 
 development. Materials & Design, 2011. 32(3): p. 1684-1691. 
28. Gebhardt, A., Understanding additive manufacturing: Rapid Prototyping, Rapid 
 Tooling, Rapid Manufacturing. 2012: Hanser. 
29. Chua, C.K. and K.F. Leong, 3D Printing and additive manufacturing: principles and 
 applications. 2014: World Scientific Publishing Company Incorporated. 
30. Page, T., Design for additive manufacturing: guidelines for cost effective 
 manufacturing. 2012: LAP Lambert Academic Publishing. 
31. Abe, S., et al., Milling-combined laser metal sintering system and production of 
 injection molds with sophisticated functions, in towards synthesis of micro-/nano-
 systems. 2007, Springer London. p. 285-290. 
32. Aziz, M.S.A., et al., Study on machinability of laser sintered materials fabricated by 
 layered manufacturing system: influence of different hardness of sintered materials, 
 Elseiver, Procedia CIRP, 2012. 4(0): p. 79-83. 
33. Murr, L.E., et al., Microstructures and mechanical properties of electron beam-rapid 
 manufactured Ti–6Al–4V biomedical prototypes compared to wrought Ti–6Al–4V. 
 Materials Characterization, 2009. 60(2): p. 96-105. 
34. Kellner, T. New plant will assemble world’s first passenger jet engine with 3D 
 printed fuel nozzles, Next-Gen Materials 2014; Available from: 
 http://www.gereports.com/post/80701924024/fit-to-print. 
35. High-strength aluminum powder developed for additive manufacturing in aerospace, 
 automotive. 2015. 
36. Osakada, K. and M. Shiomi, Flexible manufacturing of metallic products by selective 
 laser melting of powder. International Journal of Machine Tools and Manufacture, 
 2006. 46(11): p. 1188-1193. 
154 
 
 
 
37. Additive manufacturing in milling quality, data sheets of DMG Mori, U.S.A  D. MORI, 
 Editor. 
38. Montevecchi, F., et al., Cutting forces analysis in additive manufactured AISI H13 
 alloy,Elseiver, Procedia CIRP, 2016. 46: p. 476-479. 
39. Bordin, A., et al., Analysis of tool wear in cryogenic machining of additive 
 manufactured Ti6Al4V alloy. Wear, 2015. 328: p. 89-99. 
40. Bordin, A., et al., Machinability characteristics of wrought and EBM CoCrMo alloys. 
 Procedia CIRP, 2014. 14: p. 89-94. 
41. Bordin, et al., Comparison between wrought and EBM Ti6AI4V machinability 
characteristics. Key Engineering Materials, 2014. 611-612: p. 1186 - 1193. 
42. Bruschi, S., et al., Environmentally clean micromilling of electron beam melted 
 Ti6Al4V. Journal of Cleaner Production, 2016. 133: p. 932-941. 
43. Yadroitsev, I., P. Krakhmalev, and I. Yadroitsava, Selective laser melting of Ti6Al4V 
 alloy for biomedical applications: Temperature monitoring and microstructural 
 evolution. Journal of Alloys and Compounds, 2014. 583: p. 404-409. 
44. Parthasarathy, J., B. Starly, and S. Raman, A design for the additive manufacture of 
 functionally graded porous structures with tailored mechanical properties for 
 biomedical applications. Journal of Manufacturing Processes, 2011. 13(2): p. 160-170. 
45. Heinl, P., et al., Cellular Ti–6Al–4V structures with interconnected macro porosity for 
 bone implants fabricated by selective electron beam melting. Acta Biomaterialia, 2008. 
 4(5): p. 1536-1544. 
46. Witvrouw, A., B. Van Hooreweder, and J.-P. Kruth, Additive manufacturing in 
 aerospace, Department of mechanical engineering, KU Leuven 2015. 
47. Kobryn, P., et al., Additive manufacturing of aerospace alloys for aircraft structures. 
 2006, DTIC Document. 
48. Schiller, G. Additive manufacturing for Aerospace, 2015 IEEE Aerospace 
 Conference, 2015. 
49. Yasa, E., J.P. Kruth, and J. Deckers, Manufacturing by combining selective laser 
 melting and selective laser erosion/laser re-melting. CIRP Annals - Manufacturing 
 Technology, 2011. 60(1): p. 263-266. 
155 
 
 
 
50. Yadroitsev, I., et al., Strategy of manufacturing components with designed internal 
 structure by selective laser melting of metallic powder. Applied Surface Science, 2007. 
 254(4): p. 980-983. 
51. Yadroitsev, I. and I. Smurov, Surface morphology in selective laser melting of metal 
 powders. Physics Procedia, 2011. 12: p. 264-270. 
52. Yadroitsev, I., et al., Manufacturing of fine-structured 3D porous filter elements by 
 selective laser melting. Applied Surface Science, 2009. 255(10): p. 5523-5527. 
53. Yadroitsev, I., P. Bertrand, and I. Smurov, Parametric analysis of the selective laser 
 melting process. Applied Surface Science, 2007. 253(19): p. 8064-8069. 
54. Vrancken, B., et al., Heat treatment of Ti6Al4V produced by Selective Laser Melting: 
 Microstructure and mechanical properties. Journal of Alloys and Compounds, 2012. 
 541(0): p. 177-185. 
55. Thijs, L., et al., A study of the microstructural evolution during selective laser melting 
 of Ti–6Al–4V. Acta Materialia, 2010. 58(9): p. 3303-3312. 
56. Thijs, L., et al., A study of the microstructural evolution during selective laser melting 
 of Ti–6Al–4V. Acta Materialia, 2010. 58(9): p. 3303-3312. 
57. Rafi, H.K., et al., Microstructures and mechanical properties of Ti6Al4V parts 
 fabricated by selective laser melting and electron beam melting. Journal of Materials 
 Engineering and Performance, 2013. 22(12): p. 3872-3883. 
58. Klingbeil, N., et al., Effects of process variables and size scale on solidification 
 microstructure in laser-based solid freeform fabrication of Ti-6Al-4V. 2004, DTIC 
 Document. 
59. Kobryn, P. and S. Semiatin, Microstructure and texture evolution during solidification 
 processing of Ti–6Al–4V. Journal of Materials Processing Technology, 2003. 135(2): 
 p. 330-339. 
60. Hrabe, N. and T. Quinn, Effects of processing on microstructure and mechanical 
 properties of a titanium alloy (Ti–6Al–4V) fabricated using electron beam melting 
 (EBM), part 1: distance from build plate and part size. Materials Science and 
 Engineering: A, 2013. 573: p. 264-270. 
156 
 
 
 
61. Hrabe, N. and T. Quinn, Effects of processing on microstructure and mechanical 
 properties of a titanium alloy (Ti–6Al–4V) fabricated using electron beam melting 
 (EBM), Part 2: Energy input, orientation, and location. Materials Science and 
 Engineering: A, 2013. 573: p. 271-277. 
62. Arcella, F.G. and F.H. Froes, Producing titanium aerospace components from powder 
 using laser forming. JOM, 2000. 52(5): p. 28-30. 
63. Kobryn, P. and S. Semiatin, The laser additive manufacture of Ti-6Al-4V. Journal 
 of Minerals, Metals & Materials Society (TMS), September 2001, Volume 53, 
 Issue 9, pp 40–42 
64. Kobryn, P. and S. Semiatin. Mechanical properties of laser-deposited Ti-6Al-4V. in 
 Solid Freeform Fabrication Proceedings. 2001. Austin. 
65. Baufeld, B., E. Brandl, and O. van der Biest, Wire based additive layer manufacturing: 
 comparison of microstructure and mechanical properties of Ti–6Al–4V components 
 fabricated by laser-beam deposition and shaped metal deposition. Journal of Materials 
 Processing Technology, 2011. 211(6): p. 1146-1158. 
66. Baufeld, B., O. Van der Biest, and S. Dillien, Texture and crystal orientation in Ti-
 6Al-4V builds fabricated by shaped metal deposition. Metallurgical and Materials 
 Transactions A, 2010. 41(8): p. 1917-1927. 
67. Al-Bermani, S.S., et al., The origin of microstructural diversity, texture, and 
 mechanical properties in electron beam melted Ti-6Al-4V. Metallurgical and 
 Materials Transactions A, 2010. 41(13): p. 3422-3434. 
68. Simonelli, M., Y.Y. Tse, and C. Tuck, Effect of the build orientation on the mechanical 
 properties and fracture modes of SLM Ti–6Al–4V. Materials Science and Engineering: 
 A, 2014. 616(0): p. 1-11. 
69. Vilaro, T., C. Colin, and J.D. Bartout, As-fabricated and heat-treated microstructures 
 of the Ti-6Al-4V alloy processed by selective laser melting. Metallurgical and 
 Materials Transactions A: Physical Metallurgy and Materials Science, 2011. 42(10): p. 
 3190-3199. 
70. Murr, L.E., et al., Metal fabrication by additive manufacturing using laser and 
 electron beam melting technologies. Journal of Materials Science & Technology, 
 2012. 28(1): p. 1-14. 
157 
 
 
 
71. Brandl, E., et al., Mechanical properties of additive manufactured titanium (Ti–6Al–
 4V) blocks deposited by a solid-state laser and wire. Materials & Design, 2011. 32(10): 
 p. 4665-4675. 
72. Roberts, I.A., et al., A three-dimensional finite element analysis of the temperature field 
 during laser melting of metal powders in additive layer manufacturing. International 
 Journal of Machine Tools and Manufacture, 2009. 49(12–13): p. 916-923. 
73. Leuders, S., et al., On the mechanical behaviour of titanium alloy TiAl6V4 
 manufactured by selective laser melting: Fatigue resistance and crack growth 
 performance. International Journal of Fatigue, 2013. 48(0): p. 300-307. 
74. Trent, E.M. and P.K. Wright, Metal cutting. 2000: Butterworth-Heinemann. 
75. Stephenson, D.A. and J.S. Agapiou, Metal cutting theory and practice. 2005: Taylor 
 & Francis. 
76. Ezugwu, E.O., J. Bonney, and Y. Yamane, An overview of the machinability of 
 aeroengine alloys. Journal of Materials Processing Technology, 2003. 134(2): p. 233-
 253. 
77. Kahles, J.F., et al., Machining of titanium Alloys. JOM, 1985. 37(4): p. 27-35. 
78. Arrazola, P.J., et al., Machinability of titanium alloys (Ti6Al4V and Ti555.3). Journal 
 of Materials Processing Technology, 2009. 209(5): p. 2223-2230. 
79. Siekmann, H.J., How to machine titanium, Tool Engineering, 1995. 34: p. 78-82. 
80. Che-Haron, C.H., Tool life and surface integrity in turning titanium alloy. Journal of 
 Materials Processing Technology, 2001. 118(1–3): p. 231-237. 
81. Ezugwu, E., J. Bonney, and Y. Yamane, An overview of the machinability of 
 aeroengine alloys. Journal of Materials Processing Technology, 2003. 134(2): p. 233-
 253. 
82. Ezugwu, E.O., Key improvements in the machining of difficult-to-cut aerospace 
 superalloys. International Journal of Machine Tools and Manufacture, 2005. 45(12–
 13): p. 1353-1367. 
83. Childs, T., Metal machining: theory and applications. 2000: Elseiver, Butterworth-
 Heinemann. 
158 
 
 
 
84. Measure cutting forces with global leader-piezoelectric dynamometers with Kistler. 
 Cutting force measurement 2015. 
85. Sun, S.J., M. Brandt, and J. Mo. Effect of microstructure on cutting force and chip 
 formation during machining of Ti-6Al-4V alloy, Scientific net, Advanced Materials 
 Research 2013,Trans Tech Publication. 
86. Nouari, M. and H. Makich, Experimental investigation on the effect of the material 
 microstructure on tool wear when machining hard titanium alloys: Ti–6Al–4V and Ti-
 555. International Journal of Refractory Metals and Hard Materials, 2013. 41: p. 259-
 269. 
87. Cedergren, S., G. Petti, and G. Sjöberg, On the influence of work material 
 microstructure on chip formation, cutting forces and acoustic emission when 
 machining Ti-6Al-4V. Procedia CIRP, 2013. 12(0): p. 55-60. 
88. Sun, S., M. Brandt, and M.S. Dargusch, Characteristics of cutting forces and chip 
 formation in machining of titanium alloys. International Journal of Machine Tools and 
 Manufacture, 2009. 49(7–8): p. 561-568. 
89. Sutter, G. and G. List, Very high speed cutting of Ti–6Al–4V titanium alloy – change 
 in morphology and mechanism of chip formation. International Journal of Machine 
 Tools and Manufacture, 2013. 66: p. 37-43. 
90. Nouari, M. and H. Makich, Experimental investigation on the effect of the material 
 microstructure on tool wear when machining hard titanium alloys: Ti-6Al-4V and Ti-
 555. International Journal of Refractory Metals and Hard Materials, 2013. 41: p. 259-
 269. 
91. Shaw, M.C. and J. Cookson, Metal cutting principles,The MIT press,1985, Elsevier. 
92. Coromant, S., Metal cutting technology-technical guide. Sandvik Coromant, Sweden, 
 2010. 
93. Wang, Z., M. Rahman, and Y. Wong, Tool wear characteristics of binderless CBN tools 
 used in high-speed milling of titanium alloys. Wear, 2005. 258(5): p. 752-758. 
94. Heginbotham, W. and S. Gogia, Metal cutting and the built-up nose. Proceedings of the 
 Institution of Mechanical Engineers, 1961. 175(1): p. 892-917. 
159 
 
 
 
95. Thakur, D., B. Ramamoorthy, and L. Vijayaraghavan, Study on the machinability 
 characteristics of superalloy Inconel 718 during high speed turning. Materials & 
 Design, 2009. 30(5): p. 1718-1725. 
96. Kramer, B. and B. Von Turkovich, A comprehensive tool wear model. CIRP Annals-
 Manufacturing Technology, 1986. 35(1): p. 67-70. 
97. Jawaid, A., C.H. Che-Haron, and A. Abdullah, Tool wear characteristics in turning of 
 titanium alloy Ti-6246. Journal of Materials Processing Technology, 1999. 92–93: p. 
 329-334. 
98. Niknam, S.A., R. Khettabi, and V. Songmene, Machinability and machining of 
 titanium alloys: a review, in machining of titanium alloys, J.P. Davim, Editor. 
 2014, Springer Berlin Heidelberg: Berlin, Heidelberg. p. 1-30. 
99. Almond, E.A., Towards improved tests based on fundamental properties. Proceedings 
 of the international conference on improved performance of tool materials, 1981, The 
 National laboratory and the Metals Society,Teddington,Middlesex, pages. 161-169. 
100. Klocke, F., W. König, and K. Gerschwiler, Advanced machining of titanium-and 
 nickel-based alloys, in Advanced Manufacturing Systems and Technology. 1996, 
 Springer. p. 7-21. 
101. Hartung, P.D., B.M. Kramer, and B.F. von Turkovich, Tool wear in titanium 
 machining. CIRP Annals - Manufacturing Technology, 1982. 31(1): p. 75-80. 
102. Narutaki, N., et al., Study on Machining of titanium alloys. CIRP Annals - 
 Manufacturing Technology, 1983. 32(1): p. 65-69. 
103. Rahman, M., Y.S. Wong, and A.R. Zareena, Machinability of titanium alloys. JSME 
 International Journal, Series C: Mechanical Systems, Machine Elements and 
 Manufacturing, 2003. 46(1): p. 107-115. 
104. Freeman.R.M. 1974, The machining of titanium and some of its alloys, PhD thesis 
 University of Birmingham. 
105. Cantero, J.L., et al., Dry drilling of alloy Ti–6Al–4V. International Journal of Machine 
 Tools and Manufacture, 2005. 45(11): p. 1246-1255. 
160 
 
 
 
106. Jawaid, A., S. Sharif, and S. Koksal, Evaluation of wear mechanisms of coated carbide 
 tools when face milling titanium alloy. Journal of Materials Processing Technology, 
 2000. 99(1–3): p. 266-274. 
107. Haron, C.H.C., A. Ginting, and H. Arshad, Performance of alloyed uncoated and CVD-
 coated carbide tools in dry milling of titanium alloy Ti-6242S. Journal of Materials 
 Processing Technology, 2007. 185(1–3): p. 77-82. 
108. Oosthuizen, G., G. Akdogan, and N. Treurnicht, The performance of PCD tools in high-
 speed milling of Ti6Al4V. The International Journal of Advanced Manufacturing 
 Technology, 2011. 52(9-12): p. 929-935. 
109. Wang, Z.G., Y.S. Wong, and M. Rahman, High-speed milling of titanium alloys using 
 binderless CBN tools. International Journal of Machine Tools and Manufacture, 2005. 
 45(1): p. 105-114. 
110. Ulutan, D. and T. Ozel, Machining induced surface integrity in titanium and nickel 
 alloys: A review. International Journal of Machine Tools and Manufacture, 2011. 51(3): 
 p. 250-280. 
111. Zoya, Z.A. and R. Krishnamurthy, The performance of CBN tools in the machining of 
 titanium alloys. Journal of Materials Processing Technology, 2000. 100(1–3): p. 80-86. 
112. Pretorius, C.J., et al., Tool wear behaviour and workpiece surface integrity when 
 turning Ti–6Al–2Sn–4Zr–6Mo with polycrystalline diamond tooling. CIRP Annals - 
 Manufacturing Technology, 2015. 64(1): p. 109-112. 
113. Mantle, A.L. and D.K. Aspinwall, Surface integrity of a high speed milled gamma 
 titanium aluminide. Journal of Materials Processing Technology, 2001. 118(1–3): p. 
 143-150. 
114. Sridhar, B.R., et al., Effect of machining parameters and heat treatment on the residual 
 stress distribution in titanium alloy IMI-834. Journal of Materials Processing 
 Technology, 2003. 139(1-3 SPEC): p. 628-634. 
115. Che-Haron, C.H. and A. Jawaid, The effect of machining on surface integrity of 
 titanium alloy Ti–6% Al–4% V. Journal of Materials Processing Technology, 2005. 
 166(2): p. 188-192. 
161 
 
 
 
116. Amin, A.K.M.N., A.F. Ismail, and M.K. Nor Khairusshima, Effectiveness of uncoated 
 WC–Co and PCD inserts in end milling of titanium alloy—Ti–6Al–4V. Journal of 
 Materials Processing Technology, 2007. 192–193: p. 147-158. 
117. Ginting, A. and M. Nouari, Surface integrity of dry machined titanium alloys. 
 International Journal of Machine Tools and Manufacture, 2009. 49(3–4): p. 325-332. 
118. Sun, J. and Y.B. Guo, A comprehensive experimental study on surface integrity by end 
 milling Ti–6Al–4V. Journal of Materials Processing Technology, 2009. 209(8): p. 
 4036-4042. 
119. Ezugwu, E.O., et al., Surface integrity of finished turned Ti–6Al–4V alloy with PCD 
 tools using conventional and high pressure coolant supplies. International Journal of 
 Machine Tools and Manufacture, 2007. 47(6): p. 884-891. 
120. Tönshoff, H.K. and B. Denkena, Chip formation, in basics of cutting and abrasive 
 processes. 2013, Springer Berlin Heidelberg: Berlin, Heidelberg. p. 21-36. 
121. Barry, J., G. Byrne, and D. Lennon, Observations on chip formation and acoustic 
 emission in machining Ti–6Al–4V alloy. International Journal of Machine Tools and 
 Manufacture, 2001. 41(7): p. 1055-1070. 
122. Cotterell, M. and G. Byrne, Dynamics of chip formation during orthogonal cutting of 
 titanium alloy Ti–6Al–4V. CIRP Annals - Manufacturing Technology, 2008. 57(1): p. 
 93-96. 
123. Gente, A., H.W. Hoffmeister, and C.J. Evans, Chip formation in machining Ti6Al4V 
 at extremely high cutting speeds. CIRP Annals - Manufacturing Technology, 2001. 
 50(1): p. 49-52. 
124. Komanduri, R., Some clarifications on the mechanics of chip formation when 
 machining titanium alloys. Wear, 1982. 76(1): p. 15-34. 
125. Komanduri, R. and B.F. Von Turkovich, New observations on the mechanism of chip 
 formation when machining titanium alloys. Wear, 1981. 69(2): p. 179-188. 
126. Bayoumi, A. and J. Xie, Some metallurgical aspects of chip formation in cutting Ti-
 6Al-4V alloy. Materials Science and Engineering: A, 1995. 190(1): p. 173-
 180. 
162 
 
 
 
127. Puerta Velásquez, J.D., et al., Metallurgical study on chips obtained by high speed 
 machining of a Ti–6Al-4V alloy. Materials Science and Engineering: A, 2007. 
 452–453(0): p. 469-474. 
128. Vyas, A. and M.C. Shaw, Mechanics of sawtooth chip formation in metal cutting. 
 Journal of Manufacturing Science and Engineering, 1999. 121(2): p. 163-172. 
129. Nakayama, K., M. Arai, and T. Kanda, Machining characteristics of hard materials. 
 CIRP Annals - Manufacturing Technology, 1988. 37(1): p. 89-92. 
130. Joshi, S., et al., Influence of β phase fraction on deformation of grains in and around 
 shear bands in machining of titanium alloys. Materials Science and Engineering: A, 
 2014. 618: p. 71-85. 
131. Shivpuri, R., et al., Microstructure-mechanics interactions in modeling chip 
 segmentation during titanium machining. CIRP Annals - Manufacturing Technology, 
 2002. 51(1): p. 71-74. 
132. Song, B., et al., Effects of processing parameters on microstructure and mechanical 
 property of selective laser melted Ti6Al4V. Materials & Design, 2012. 35: p. 120-125. 
133. Vander Voort, G.F., Materials characterization & testing: microstructure of titanium 
 and its alloys. International Journal of Thermal Technology, September, 2006. 
134. Griffiths, B.J., The development of a quick-stop device for use in metal cutting hole 
 manufacturing processes. International Journal of Machine Tool Design and Research, 
 1986. 26(2): p. 191-203. 
135. Brooks, C.R. and A. Choudhury, Failure analysis of engineering materials, First 
 edition, Mc-Graw Hill 2002. 
136. Antonysamy, A.A., J. Meyer, and P.B. Prangnell, Effect of build geometry on the β-
 grain structure and texture in additive manufacture of Ti6Al4V by selective electron 
 beam melting. Materials Characterization, 2013. 84: p. 153-168. 
137. Shifeng, W., et al., Effect of molten pool boundaries on the mechanical properties of 
 selective laser melting parts. Journal of Materials Processing Technology, 2014. 
 214(11): p. 2660-2667. 
138. Brinksmeier, E., et al., Surface integrity of selective-laser-melted components. CIRP 
 Annals - Manufacturing Technology, 2010. 59(1): p. 601-606. 
163 
 
 
 
139. Oyelola, O., et al., Machining of additively manufactured parts: implications for 
 surface integrity. Procedia CIRP, 2016. 45: p. 119-122. 
140. Armendia, M., et al., Influence of heat treatment on the machinability of titanium 
 alloys. Materials and Manufacturing Processes, 2012. 27(4): p. 457-461. 
141. Kosaka, Y. and S. Fox. Influences of alloy chemistry and microstructure on the 
 machinability of titanium alloys. in Cost-Affordable Titanium: A Symposium 
 Dedicated to Professor Harvey Flower as held at the 2004 TMS Annual Meeting. 2004. 
142. Dearnley, P. and A. Grearson, Evaluation of principal wear mechanisms of cemented 
 carbides and ceramics used for machining titanium alloy IMI 318. Materials Science 
 and Technology, 1986. 2(1): p. 47-58. 
143. Cho, S.S. and K. Komvopoulos, Wear mechanisms of multi-layer coated cemented 
 carbide cutting tools. Journal of Tribology, 1997. 119(1): p. 8-17. 
144. Nabhani, F., Wear mechanisms of ultra-hard cutting tools materials. Journal of 
 Materials Processing Technology, 2001. 115(3): p. 402-412. 
145. Jaffery, S.H.I. and P.T. Mativenga, Wear mechanisms analysis for turning Ti-6Al-4V—
 towards the development of suitable tool coatings. The International Journal of 
 Advanced Manufacturing Technology, 2012. 58(5-8): p. 479-493. 
146. Li, A., et al., Progressive tool failure in high-speed dry milling of Ti-6Al-4V alloy with 
 coated carbide tools. The International Journal of Advanced Manufacturing 
 Technology, 2012. 58(5-8): p. 465-478. 
147. Usui, The principles of cutting and grinding, Machinery Industry Press,. 1982. 
148. Chen, W., Cutting forces and surface finish when machining medium hardness steel 
 using CBN tools. International Journal of Machine Tools and Manufacture, 2000. 
 40(3): p. 455-466. 
149. Patil, S., et al., Effect of α and β phase volume fraction on machining characteristics 
 of titanium Alloy Ti6Al4V. Procedia Manufacturing, 2016. 6: p. 63-70. 
150. Cedergren, S., et al., Influence of work material microstructure on vibrations when 
 machining cast Ti-6Al-4V. The International Journal of Advanced Manufacturing 
 Technology, 2016. 84(9): p. 2277-2291. 
164 
 
 
 
151. Cotterell, M. and G. Byrne, Characterisation of chip formation during orthogonal 
 cutting of titanium alloy Ti–6Al–4V. CIRP Journal of Manufacturing Science and 
 Technology, 2008. 1(2): p. 81-85. 
152. Simoneau, A., E. Ng, and M.A. Elbestawi, The effect of microstructure on chip 
 formation and surface defects in microscale, mesoscale, and macroscale cutting of 
 steel. CIRP Annals - Manufacturing Technology, 2006. 55(1): p. 97-102. 
153. Fu, X., et al., The influence of hydrogen on chip formation in cutting Ti-6Al-4V alloys. 
 The International Journal of Advanced Manufacturing Technology, 2016: p. 1-5. 
154. Li, A., et al., Experimental investigation on chip morphologies in high-speed dry 
 milling of titanium alloy Ti-6Al-4V. The International Journal of Advanced 
 Manufacturing Technology, 2012. 62(9): p. 933-942. 
155. Black, J.T., On the fundamental mechanism of large strain plastic deformation: 
 electron microscopy of metal cutting chips. Journal of Engineering for Industry, 
 1971. 93(2): p. 507-526. 
156. Ramalingam, S. and J.T. Black, An electron microscopy study of chip formation. 
 Metallurgical Transactions, 1973. 4(4): p. 1103-1112. 
157. Turley, D., E. Doyle, and S. Ramalingam, Calculation of shear strains in chip formation 
 in titanium. Materials Science and Engineering, 1982. 55(1): p. 45-48. 
158. Molinari, A., C. Musquar, and G. Sutter, Adiabatic shear banding in high speed 
 machining of Ti–6Al–4V: experiments and modeling. International Journal of 
 Plasticity, 2002. 18(4): p. 443-459. 
159. Joshi, S., et al., Effect of β phase fraction in titanium alloys on chip segmentation in 
 their orthogonal machining. CIRP Journal of Manufacturing Science and Technology, 
 2014. 7(3): p. 191-201. 
160. Sheikh-Ahmad, J. and J.A. Bailey, Flow instability in the orthogonal machining of CP 
 titanium. Journal of Manufacturing Science and Engineering, 1997. 119(3): p. 307-
 313. 
161. Recht, R.F., Catastrophic thermoplastic shear. Journal of Applied Mechanics, 1964. 
 31(2): p. 189-193. 
165 
 
 
 
162. Wan, Z.P., et al., Microstructure evolution of adiabatic shear bands and mechanisms of 
 saw-tooth chip formation in machining Ti6Al4V. Materials Science and Engineering: 
 A, 2012. 531: p. 155-163. 
163. Zhen-Bin, H. and R. Komanduri, On a thermomechanical model of shear instability 
 in machining. CIRP Annals - Manufacturing Technology, 1995. 44(1): p. 69-73. 
164. Bejjani, R., et al., Chip formation and microstructure evolution in the adiabatic shear 
 band when machining titanium metal matrix composites. International Journal of 
 Machine Tools and Manufacture, 2016. 109: p. 137-146. 
165. Oliaei, S.N.B. and Y. Karpat, Investigating the influence of built-up edge on forces and 
 surface roughness in micro scale orthogonal machining of titanium alloy Ti6Al4V. 
 Journal of Materials Processing Technology, 2016. 235: p. 28-40. 
166. Wilms, G. and R. Aghan, Anisotropy in machining of steel plates. Metals Technology, 
 1981. 8(1): p. 108-112. 
167. Joshi, S.S., N. Ramakrishnan, and P. Ramakrishnan, Analysis of chip breaking during 
 orthogonal machining of Al/SiCp composites. Journal of Materials Processing 
 Technology, 1999. 88(1–3): p. 90-96. 
168. Baufeld, B., O.V.d. Biest, and R. Gault, Additive manufacturing of Ti–6Al–4V 
 components by shaped metal deposition: Microstructure and mechanical properties. 
 Materials & Design, 2010. 31, Supplement 1: p. S106-S111. 
169. Piispanen V. Eripaines Teknillisesla Aikakauslehdesla 1937;27:315 (see Piispanen V, 
Journal of Applied Physics 1948;19:876.).  
 
 
 
 
 
 
 
166 
 
 
 
7 Appendix 
7.1 Cutting force data acquisition 
The raw cutting force signal obtained from the dynamometer for a definitive time based 
on the cutting speed employed is shown in Figure 7-1. The raw data obtained from the 
dynamometer is filtered a 15 Hz Fourier transform, low band pass filter to remove the 
unwanted noise and vibration during the machining process. The cutting forces data 
obtained from the dynamometer consisted of three regions namely: start, contact, 
cutting and finish regions. After the filtering process, the mean data for the cutting 
region in the force signal is reported throughout this thesis. Cutting force profiles 
obtained during machining of the tested materials at different cutting speeds are shown 
in Figure 7-2, 7-3and 7-4. 
 
167 
 
 
 
 
Figure 7-1 Cutting force profiles from the dynamometer a) unfiltered raw data and b) filtered raw data. 
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Figure 7-2 Cutting force profiles of wrought Ti-6Al-4V, SLM Ti-6Al-4V (A.B) and SLM Ti-6Al-4V (H.T) 
during machining at 60 m/min. 
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Figure 7-3 Cutting force profiles of wrought Ti-6Al-4V, SLM Ti-6Al-4V (A.B) and SLM Ti-6Al-4V (H.T) 
at 120 m/min. 
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Figure 7-4 Cutting force profiles of wrought Ti-6Al-4V, SLM Ti-6Al-4V (A.B) and SLM Ti-6Al-4V (H.T) 
at 180 m/min. 
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